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T h i s  r e p o r t  c o n t a i n s  f i n a l  des ign  d e t a i l s  of  a h e l i c o p t e r  t ransmiss ion  
t h a t  i s  powered by GE t w i n  T 700 engines each r a t e d ' a t  1800 hp. The work 
was conducted under c o n t r a c t  NAS 3-23931, awarded i n  September 1983 by NASA 
Lewis Research Center. 
Task I o f  the  s tudy ,  t he  f i n a l  des ign  phase, demonstrates t h a t  i n  
comparison w i t h  conven t iona l  h e l i c o p t e r  t ransmiss ion  arrangements the  s p l i t  
t o rque  des i gn o f f e r s :  
a) A weight  r e d u c t i o n  of 15% 
b )  A r e d u c t i o n  i n  d r i v e  t r a i n  losses  o f  9% 
c )  Improved r e l i a b i l i t y  r e s u l t i n g  f rom redundant d r i v e  paths 
between the  two engines and the  main s h a f t .  
The t ransmiss ion  f i t s  w i t h i n  the  NASA LeRC 3000 hp Tes t  Stand and 
accepts  the e x i s t i n g  p o s i t i o n s  f o r  engine i n p u t s ,  main s h a f t ,  connec t ing  
0 
d r i v e  s h a f t s ,  and the  c r a d l e  at tachment  p o i n t s .  One necessary change t o  
the  t e s t  s tand  i n v o l v e s  gear t r a i n s  o f  d i f f e r e n t  r a t i o  i n  the  t a i l  d r i v e  
gearbox. 
P rog ress i ve  u p r a t i n g  of  eng ine  i n p u t  power from 3600 hp t o  4500 hp 
t w i n  eng ine  r a t i n g  i s  a l l owed  f o r  i n  the  des ign .  I n  t h i s  way t h e  t e s t  t r a n s -  
m i s s i o n  w i  1 1  p r o v i d e  a base f o r  seve ra l  years o f  a n a l y t i c a l ,  research,  and 
component development e f f o r  t a r g e t e d  a t  improv ing  the  performance and r e l i -  
a b i l i t y  o f  h e l i c o p t e r  t ransmiss ions .  
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1 . I NTRODUCTI ON 
Geared d r i v e  t r a i n s  have proved t o  be the  l i g h t e s t  and most e f f i c i e n t  
means o f  t r a n s m i t t i n g  power f rom the  engines o f  a h e l i c o p t e r  t o  the main and 
t a i l  r o t o r s .  A t tempts  t o  improve t h e  e f f e c t i v e n e s s  o f  h e l i c o p t e r  t ransmiss ions ,  
by a c h i e v i n g  a h i g h e r  r a t i o  o f  to rque ou tpu t /we igh t ,  i n c l u d e  bo th  the examinat ion  
o f  new d r i v e  t r a i n  c o n f i g u r a t i o n s  a.nd the i n t r o d u c t i o n  o f  advanced techno logy  
components. 
Prev ious  des ign  e f f o r t s  by Transmiss ion  Research, I nc .  have demon- 
s t r a t e d  t h a t  the  adop t ion  of improved d r i v e  t r a i n  arrangements based on a s p l i t -  
t o rque  p r i n c i p l e  can r e a l i z e  g r e a t e r  b e n e f i t s  w i t h  respec t  t o  we igh t  r e d u c t i o n  
than can the  s u b s t i t u t i o n  o f  redesigned components i n  a conven t iona l  t ransmiss ion .  
A s  a c o n t i n u a t i o n  o f  e a r l i e r  work, a p r e l i m i n a r y  des ign  o f  a h e l i -  
c o p t e r  t ransmiss ion  i n c o r p o r a t i n g  s p l i t  to rque gear t r a i n s  was developed under 
c o n t r a c t  NAS 3-22120 and subsequent ly  forwarded t o  NASA LeRC i n  response t o  
0 
RFP 3-422196. T h i s  des ign  o f  t ransmiss ion  i s  r a d i c a l l y  d i f f e r e n t  f rom those 
used w i t h  p r o d u c t i o n  h e l i c o p t e r s  i n  the  3000-4000 hp range because i t  does 
n o t  have a p l a n e t a r y  r e d u c t i o n  u n i t  t o  supp ly  h i g h  to rque t o  the  main r o t o r  
s h a f t .  Fundamental t o  s p l i t  t o rque  type o f  t ransmiss ion  i s  t h a t  t he  power 
and to rque f rom each engine i s  d i v i d e d  between two p a r a l l e l  paths p r i o r  t o  
recombina t ion  on a s i n g l e  gear t h a t  d r i v e s  , the  t ransmiss ion  o u t p u t  s h a f t .  I t  
i s  t h i s  f e a t u r e  o f  c a r r y i n g  to rque th rough two o r  more separa te  d r i v e  pa ths  
t h a t  r e s u l t s  i n  the d e s c r i p t i v e  te rm s p l i t  to rque t ransmiss ion .  
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0 2 .  POTENTIAL BENEFITS FROM A SPLIT TORQUE TRANSMISSION 
E l i m i n a t i n g  the  one o r  two p l a n e t a r y  r e d u c t i o n  s tages o f  a conven t iona l  
h e l i c o p t e r  t ransmiss ion  and r e p l a c i n g  them w i t h  a s i n g l e  gear d r i v e n  by m u l t i p l e  
p i n i o n s  can b r i n g  a Lumber o f  advantageous c h a r a c t e r i s t i c s ,  as l i s t e d  below. 
The t ransmiss ion  developed a c c o r d i n g l y  e x p l o i t s  these c h a r a c t e r i s t c s  where 
p o s s i b l e .  
1 )  A p o t e n t i a l  we igh t  (d ry )  o f  about  892 l b  f o r  a 3600 hp t ransmiss ion  
powered by two GE T700 engines.  
2 )  Separate, redundant d r i v e  paths between each eng ine  and the  f i n a l  
s tage o f  speed r e d u c t i o n ,  so ex tend ing  i n t o  the t ransmiss ion  the  
r e l i a b i l i t y  b e n e f i t  assoc ia ted  w i t h  two engines.  
3 )  A g r e a t e r  speed r e d u c t i o n  r a t i o  a t  the  f i n a l  r e d u c t i o n  s tage than 
p o s s i b l e  f rom a p l a n e t a r y  u n i t ;  ach ieved a t  l e s s  we igh t  than w i t h  
a p l a n e t a r y  u n i t .  
4) M a r g i n a l l y  lower  losses than a l t e r n a t i v e  t ransmiss ions  as a r e s u l t  
o f  i n c l u d i n g  o n l y  t h r e e  f i x e d - a x i s  gear r e d u c t i o n  s tages between 
engines and main s h a f t .  
5) P o t e n t i a l l y  reduced no ise  l e v e l s  as a r e s u l t  o f  h a v i n g  o n l y  t e n  
gear-mesh p o i n t s  i n  d r i v e  t r a i n s  t o  the  main s h a f t .  
6) P r e c i s e l y  known loads a t  a l l  mesh p o i n t s ,  i n  c o n t r a s t  t o  the  
u n c e r t a i n  load s h a r i n g  between seve ra l  p l a n e t  p i n i o n s .  
7) Lower o v e r a l l  h e i g h t  than a l t e r n a t i v e  des igns .  
8 )  A b i l i t y  t o  accept  u p r a t i n g  o f  t w i n  T I00  engines t o  4500 hp w i t h i n  
the  same d iameter  housings a t  a marg ina l  g a i n  i n  we igh t .  
9 )  A b i l i t y  t o  develop and i n c o r p o r a t e  advanced techno logy  components 
on a p r o g r e s s i v e  bas i s .  
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3. DESIGN SPECIFICATIONS FOR NASA 3600 HP TRANSMISSION 
Development o f  a tw in -eng ine ,  3600 hp h e l i c o p t e r  t ransmiss  
i n c o r p o r a t e s  s p l  i t - t o r q u e  d r i v e  t r a i n s  i s  based on the  f o l l o w i n g  o u t  
spec i f i ca t i on: 
Number o f  eng ines  and type Two; GE T700 
Engine s e p a r a t i o n ;  f r o n t  f ace  60 i n c h  t o t a l  
Engine power, each 1800 hp 
Engine r a t e d  speed, rpm 20900 nom i na 1 
T ransmiss ion  o v e r a l l  r a t i o  81.6: 1 
on t h a t  
i ne 
T a i l  d r i v e  power; mean & t r a n s i e n t  10% & 20% engine power 
Main s h a f t  power; con t .  r a t i n g  90% engine power 
Main s h a f t  speed; rpm 2 58 
T a i l  d r i v e  s h a f t  speed; rpm 4133 
Housing f e e t  l o c a t i o n  
Engine i n p u t  f l a n g e s  
Engine and t a i l  d r i v e  w a t e r l i n e s  
t o  s u i t  t e s t  s tand  i 
Main s h a f t  f o rward  i n c l i n a t i o n  3 O  
Weight t a r g e t ;  a t  l e a s t  10% below the  pa ramet r i c  t r e n d  l i n e  
I n  a d d i t i o n  t o  the  f o r e g o i n g  i tems the  t ransmiss ion  must f i t  w i t h i n  
t h e  con f ines  o f  the  NASA-LeRC 3000 hp t e s t  s tand,  be mounted on the  e x i s t i n g  
c r a d l e ,  and accommodate t h e  p resen t  c o u p l i n g s  and t h e i r  l o c a t i o n s .  
S ince  the  t e s t  s tand  i s  o f  c losed- loop  type, t he  gear r a t i o s  between 
the  main s h a f t  and eng ine  i n p u t s ,  and the  main s h a f t  and t a i l  d r i v e  s h a f t ,  
cannot  be approximated. These r a t i o s  must be exac t  i n t e g e r  s o l u t i o n s  t h a t  c o r r e s -  
pond w i t h  the  t o o t h  number p roduc ts  a l r e a d y  i n c o r p o r a t e d  i n  the  t e s t  s tand  gear- 
boxes. 
-4- 
A l l o w a b l e  des ign  s t resses  
D e t a i l  des ign  o f  components i n  the t ransmiss ion  i s  such as t o  keep 
w i t h i n  des ign  a l l owab les  a p p r o p r i a t e  t o  c u r r e n t  p roduc t  
F u r t h e r ,  s i n c e  the  t ransmiss ion  i s  a t e s t  u n i t ,  t he  s i z  
s p l i n e s ,  b o l t e d  j o i n t s ,  and most bear ings ,  i s  pu rpose ly  
the  u p r a t i n g  o f  each engine i n p u t  f rom 1800 hp t o  2000 hp. 
S h a f t  i ng A I S 1  4340 
Bend i ng s t r e s s  20000 I b / i n 2  
Shear s t r e s s  30000 I b / i n 2  
on t ransmiss ions  . 
ng o f  a l l  s h a f t i n g ,  
made adequate f o r  
AGMA r a t i n g  
160000 1 b/ i n2 
60000 l b / i n 2  
GLEASON r a t  i ng 
220000 I b / i n 2  
30000 l b / i n 2  
L- 
Gear ing AMS 6265 
Spur gear compressive s t r e s s  
Spur gear bending s t r e s s  
- 
S p i r a l  beve l  compressive s t r e s s  
S p i r a l  beve l  bending s t r e s s  
The f o l l o w i n g  cons tan ts  have been adopted i n  c a l c u l a t i o n  of b e a r i n g  
1 i f e :  
a)  Bear ing  . load p r o r a t e  as a f r a c t i o n  o f  max load:  0.6 a 
b )  Bl0 m a t e r i a l  l i f e  f a c t o r :  5 
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4.  DEVELOPMENT OF TRANSMISSION RRANGEMENTS BAS D ON INCLINED CROSS-SHAFTS 
Dominat ing the  development o f  a new t ransmiss ion  c o n f i g u r a t i o n  i n  the  
p r e s e n t  case i s  a requi rement  t h a t  the  f r o n t - f a c e  axes o f  the  engines have a 
60 i n c h  s e p a r a t i o n .  T h i s  wide s e p a r a t i o n ,  a m i l i t a r y  requ i rement  r e l a t e d  t o  
engine s u r v i v a l ,  has a r e s t r i c t i v e  e f f e c t  on the  cho 
i t  tends t o  f o r c e  the  use o f  beve l  gears a t  b o t h  t h e  
reduc t i on s tages o f  a t ransmi s s  i on. 
Whi le  many t ransmiss ion  arrangements o f  sp 
ce o f  C o n f i g u r a t i o n  f o r  
f i r s t  and t h e  second 
i t - t o r q u e  fo rm can be 
d e r i v e d  t h a t  s a t i s f y  t h e  need fo r  o n l y  t h r e e  r e d u c t i o n  s tages,  low losses  and 
l o w  w e i g h t ,  few o f  these des igns can, i n  a d d i t i o n ,  meet the  requi rement  t h a t  
the  eng ine  axes be p a r a l l e l  and w i d e l y  separated.  F i g u r e s  1 and 2 ,  fo r  ins tance,  
a r e  examples o f  s p l  t - t o r q u e  t ransmiss ions  t h a t  have many a t t r a c t i o n s  i n c l u d i n g  
those o f  reduced we gh t ,  reduced losses,  and a b i l i t y  t o  accept  the  1800 hp r a . t i n g  
o f  each T7OO engine U n f o r t u n a t e l y  these arrangements l a c k  the  a b i l i t y  t o  
accept  engines t h a t  a r e  p a r a l l e l  and separated by a d i s t a n c e  (60 inches) t h a t  
i s  markedly  g r e a t e r  than the  d iameter  o f  the combin ing gear .  
C o n f i g u r a t i o n s  w i t h  w i d e l y  separated engines 
A consequence o f  t h e  60 i n c h  engine s e p a r a t i o n  i s  t h a t  s u i t a b l e  ar range-  
ments wh ich  a r e  wor thy  o f  d e t a i l e d  examinat ion  reduce t o  some t h r e e  types  and 
v a r i a n t s ;  none o f  these have p r e v i o u s l y  been exp lo red  i n  respec t  o f  a p p l i c a t i o n  
to  h i g h  r a t i o  h e l i c o p t e r  t r a n s m i s s i o n s .  The group or f a m i l y  o f  d r i v e  t r a i n s  
i s  d i s t i n g u i s h e d  b y  the  presence o f  i n c l i n e d  c r o s s - s h a f t s  t h a t  pass over ,  o r  
under, a f i n a l - s t a g e  combin ing gear .  The number o f  p i n i o n s  t h a t  d r i v e  the  combin ing 
gear p r o v i d e s  a conven ien t  method f o r  c l a s s i f y i n g  t h e  d i f f e r e n t  des igns.  
Each o f  the  arrangements b r i n g s  the  f o l l o w i n g  c h a r a c t e r i s t i c s :  
a)  an a b i l i t y  t o  accept  any p o s i t i o n  o f  t h e  engines i n c l u d i n g  wide 
s e p a r a t i o n ,  f o r e / a f t  p o s i t i o n s ,  h e i g h t ,  and any i n c l i n a t i o n  
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SECOND-STAGE S P L I T  M A I N  SHAFT 
TORQUE HEL I CAL GEARS 
SORY DR I V 
TORQUE D I V I D E R  
BEVEL TRA 
E N G I N E  I N P U T  
H P ;  2 0 9 0 9  RPM 
T A I  L ROTOR D R I V E  
F I G U R E  1 
L.H.  ENGINE I N P U T  
1800 HP 20909 RPM 
F L O A T I N G  P I N I O N  
BEVEL T R A I N  
SECOND-STAGE S P L l  
TORQUE SPUR GEARS 
R . H .  ENGINE I N P U T  
T A I L  ROTOR I800 H P ;  2 0 9 0 9  RPM 
DR I VE 
F I G U R E  2 
'ES 
I N  
Examples o f  simple ,  s p l i t - t o r q u e  h e l i c o p t e r  transmissions 
t h a t  can accept the t w i n  1800 hp engine r a t i n g  but  a r e  
not  s u i t e d  t o  engine axes t h a t  a r e  w i d e l y  separated.  
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b) the p r o v i s i o n  o f  redundant, o r  independent, d r i v e  paths between 
each engine and the  gear t h a t  d r i v e s  the  main s h a f t  
c )  the low losses  and low component counts  assoc ia ted  w i t h  t h r e e  
r e d u c t i o n  s tages based on f i x e d - a x i s  gears 
d)  a h i g h e r  r a t i o  o f  to rque  o u t p u t  to  we igh t  than r e a l i z e d  by 
conven t iona l  p r o d u c t i o n  des igns.  
Number o f  f i n a l - d r i v e  p i n i o n s  
Transmiss ion  des igns based on th ree ,  f o u r .  and f i v e  f i n a l - d r i v e  p i n i o n s  
a r e  desc r ibed .  These arrangements have l e a s t  mechanical c o m p l e x i t y  toge the r  
w i t h  adequate to rque  c a p a c i t y  f o r  t he  3600 hp t w i n  engine r a t i n g  i nvo l ved .  
Other  groups o f  d r i v e  t r a i n  arrangements a r e  f e a s i b l e  t h a t  have more than f o u r  
p i n i o n s  around the  combin ing gear. But  these arrangements a r e  n o t  d iscussed 
i n  the  p resen t  c o n t e x t  as a consequence o f  be ing  a p p r o p r i a t e  t o  the h i g h e r  0 
engine r a t i n g s  and o u t p u t  torques o f  h e a v y - l i f t  h e l i c o p t e r s .  
The a c t u a l  gear t r a i n  arrangements adopted t o  space the  
p i n i o n s  around the  combin ing gear a re  shown i n  F i g u r e s  3 through 5. 
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5. SPEED RATIO AT EACH REDUCTION STAGE 
The o v e r a l l  speed r a t i o  r e q u i r e d  between engines and the  main s h a f t  
o f  the  t r a n s m i s s i o n  i s  a nominal 81:l .  I n  normal c i rcumstances  the  t o o t h  
numbers i n  each r e d u c t i o n  s tage cou ld  be s e l e c t e d  t o  p r o v i d e  an o v e r a l l  r a t i o  
s p e c i f i c a t i o n .  I n  o r d e r  t o  make wh ich  c l o s e l y  approx imated t h a t  g i ven  i n  the 
use o f  the NASA t e s t  s tand,  however., the  r a t  
an e x a c t  match w i t h  those of the t e s t  s tand.  
each o f  the  t h r e e  d r i v e  loops ,  f rom each eng 
os i n  the t ransmiss ion  must be 
T h i s  match ing  o f  t he  r a t i o s  i n  
ne and the  t a i l  d r i v e  t o  the  ma 
s h a f t ,  a l l o w s  the  l o a d i n g  mechanism t o  wind a to rque  i n t o  each loop  and then 
be locked s t a t i o n a r y .  I f  the  r a t i o  i n  the t ransmiss ion  d i d  n o t  match those 
i n  the  t e s t  s tand then a c o n t i n u a l  r o t a t i o n  o f  the  l o a d i n g  mechanism would 
be r e q u i r e d  t o  h o l d  a g i v e n  t e s t  to rque.  
5.1 Engine t o  Main S h a f t  R a t i o  
The t e s t  s tand r a t i o  between main s h a f t  and engine i n p u t  i s :  
29 x g2 x s2 x 8 
3 1  x 17 x 1 1  i n  lowest  terms 
Tooth s t r e s s  l e v e l s  a t  t he  t ransmiss ion  o u t p u t  s tage show t h a t  the  combin ing 
gear needs t o  be i n  the  r e g i o n  o f  32-36 inches d iameter  w i t h  t e e t h  o f  about 
6-8 d i a m e t r a l  p i t c h  (DP). S ince  t h e  lowest  common f a c t o r s  i n  the  t e s t  s tand  
n 
r a t i o s  must a l s o  appear i n  the  r a t i o  of  a new t ransmiss ion ,  the  t e s t  s tand  r a t i o s  
can be l i s t e d  as shown below and used as a b a s i s  f o r  s e l e c t i n g  t e e t h  on t h e  com- 
b i n i n g  gear. 
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Tooth  Number Opt ions  fo r  F i n a l  Reduct ion Stage 
F a c t o r  f o r  t e e t h  Comb i n i n g  gear Comb i n i ng gear 
on combin inq qear  t e e t h  and p i t c h  d f ame t e  r , I nches 
29  x 8 = 232 
29 x i o  = 290 
232 x 7 DP 
290 x 8 DP 
33.14 
36.25 
30 x 8 = 240 240 x 7 DP 34.28 
40 x 5 = 200 200 x 6 DP 33.33 
45 x 5 = 225 225 x 7 DP 32.14 
45 x 5 = 225 
27 x 8 = 216 
27 x 9 = 243 
27 x 10 = 270 
225 x 4 DP 
216 x 6 DP 
243 x 7 DP 





5.2 Engine and I n t e r m e d i a t e  Stage Ra t ios  
I n  c o n j u n c t i o n  w i t h  the c h o i c e  o f  r a t i o  and t o o t h  numbers a t  t he  
f i n a l  s tage,  the  eng ine  r e d u c t i o n  and i n t e r m e d i a t e  gear t r a i n s  must i n c l u d e  
the  remain ing  lowest  common f a c t o r s  con ta ined  i n  the  t e s t  s tand r a t i o .  A s  
examples o f  t h i s  procedure,  t he  f o l l o w i n g  t o o t h  numbers can be adopted i n  
c o n j u n c t i o n  with f i n a l - s t a g e  ratios o f  225/31 and 232/34. 
Eng i ne Comb i n i ng 
g e a r  r a t i o  beve l  r a t i o  r e d u c t i o n  r a t i o  
I n t e  rmed i a t e 
225 = 7.258 
31 






108 72 or -
22 33 
116 9 or -
17 34 
- 100 or  2 
31 31 
81 or 2 i  
22 1 1  
116 58 o r  -
17 34 
108 72 or -
22 33 
81 or 3 
22 1 1  
1 0 0 o r  2 
31 31 
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5 .3  T a i l  D r i v e  R a t i o  
An i d e a l  cho ice  o f  t o o t h  numbers f o r  the t a i l  r o t o r  d r i v e s h a f t  
would g i v e  the c o r r e c t  speed f o r  the t a i l  d r i v e  s h a f t ,  w h i l e  i n v o l v i n g  no 
change i n  the t e s t  s tand  r a t i o s .  But  o n l y  two beve l  gears a r e  used t o  e x t r a c t  
t a i l  d r i v e  power f rom the r e a r  combin ing p i n i o n ,  and t h i s  one t r a i n  cannot 
compensate f o r  a l l  the pr ime numbers i n  the t a i l  d r i v e  l oop  o f  the t e s t  s tand.  
A c c o r d i n g l y ,  t o o t h  numbers i n  the t ransmiss ion  have been s e l e c t e d  as: 
t a i l  d r i v e  gear t e e t h / p i n i o n  t e e t h  = 58/25 
which g i ves  a t a i l  d r i v e  speed o f  4344 rpm, s l i g h t l y  above the  i d e a l .  I n  
t h i s  case two h e l i c a l  gear t r a i n s  i n  the t a i l  d r i v e  l oop  o f  the  t e s t  s tand  
need changing t o  accommodate the  new t ransmiss ion .  
5.4 Gear Ra t ios  and Speeds i n  Transmiss ion 
Based on the f o r e g o i n g  p o s s i b i l i t i e s  f o r  match ing  the  r a t i o s  i n  the  
t ransmiss ion  w i t h  those e x i s t i n g  i n  the t e s t  s tand, the f o l l o w i n g  se ts  o f  t o o t h  
numbers were adopted a f t e r  a check on the s t r e s s  l e v e l s  i nvo l ved .  
0 
Summary o f  Tooth Numbers and Speeds i n  Each D r i v e  Stage 
D r i v e  P i n i o n  Tooth  Speed 
S taqe o r  Gear N umbe r r pm 
Eng i ne 
reduc t i o n  
I n termed i a  t e  
b e v e l ,  f r o n t  
I n t e  rmed i a t e  
beve l ,  r e a r  
Comb i n i ng 
s tage  
p i n i o n  
gear 
p i n i o n  
gear 
p i n i o n  
gear 


















Ta i  1 r o t o r  gear 58 1872.6 
d r i v e  p i n i o n  25 4344.4 
- 1  1 -  
6. FOUR-PINION TRANSMISSION W I T H  I N C L I N E D  CROSS SHAFTS 
F i g u r e  3 shows an arrangement i n  wh ich  f o u r  p i n i o n s  a r e  spaced around a 
combin ing gear t h a t  d r i v e s  the  main s h a f t .  V i r t u a l l y  any r e q u i r e d  p o s i t i o n  o f  
t he  engines can be ob ta ined  by a p p r o p r i a t e  spac ing  o f  t he  f i n a l  d r i v e  p i n i o n s  and 
s e l e c t i o n  o f  t h e  s h a f t  ang le  f o r  t h e  engine r e d u c t i o n  beve ls .  A d e t a i l e d  l a y o u t  
o f  t h i s  des ign  i s  g i ven  i n  F i g .  4. 
I n  each engine d r i v e l i n e  .the d i v i s i o n  o f  t r a n s m i t t e d  to rque between 
the  p a r a l l e l  s e t s  o f  i n te rmed ia te  s tage beve l  gears and f i n a l  d r i v e  p i n i o n s  
a l l o w s  the  o v e r a l l  r a t i o  o f  81.6: l  t o  be generated i n  t h r e e  r e d u c t i o n  s tages 
a t  t he  h i g h  e f f i c i e n c y  assoc ia ted  w i t h  f i x e d - a x i s  gear t r a i n s .  A t o r q u e - d i v i d i n g  
u n i t  i s  i nc luded  t o  ensure t h a t  the  p a r a l l e l  d r i v e  pa ths  always c a r r y  t h e i r  
des igned f r a c t i o n  o f  t o t a l  t o rque ;  no change i n  speed i s  taken across t h i s  u n i t .  
Accessory gearboxes a re  mounted on the  f r o n t  f ace  o f  the main housing,  
w h i l e  power f o r  the  t a i l  r o t o r  i s  e x t r a c t e d  f rom one o f  the  r e a r  bevel  gears.  
Enqine Reduct ion Staqe 
The engine r e d u c t i o n  s tage c o n s i s t s  o f  a s imp le  beve l  t r a i n  t h a t  accepts  
an engine speed o f  about  21,000 rpm and p rov ides  a r e d u c t i o n  r a t i o  o f  3.4. 
The s h a f t  ang le  o f  the  gearse t  i s  chosen t o  s u i t  the  t ransve rse  o f f s e t  and 
f o r e / a f t  p o s i t i o n  o f  an engine.  
A c o i l s p r i n g  type  o f  ove r runn ing  c l u t c h  i s  p laced between each eng ine  
i n p u t  s h a f t  and the  assoc ia ted  beve l  p i n i o n .  The c l u t c h  c o n t r i b u t e s  l e a s t  we igh t  
i n  t h i s  p o s i t i o n  as a r e s u l t o f  b e i n g  s zed f o r  the  minimum torque.  I n  the  t e s t  
t ransmiss ion ,  however, the  c l u t c h  i s  om t t e d  and the  engine r e d u c t i o n  beve l  
p i n i o n s  a r e  connected d i r e c t l y  t o  t h e i r  i n p u t  d r i v e  f l a n g e .  
I n t e  rmed i a t e  S taqe Beve 1 Gea r s  
Torque f rom each engine beve l  gear passes i n t o  a d i v i d i n g  u n i t  wh ich  
s u p p l i e s  equal  torques t o  two second-stage beve l  p i n i o n s  t h a t  a r e  connected i n  
p a r a l l e l .  Coax ia l  mount ing of the  dua l  se ts  o f  beve l  p i n i o n s  r e s u l t  i n  the  
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S ince  the  beve l  p i n i o n s  r e c e i v e  i d e n t i c a l  to rques  and r o t a t e  a t  the  
same speed they  t r a n s m i t  the  same power; t h i s  power can r i s e  t o  a nominal maximum 
o f  900 hp t o  each p i n i o n .  
s u p p l i e d  by an engine l e s s  power e x t r a c t e d  by an accessory gearbox. 
More p r e c i s e l y ,  each p i n i o n  c a r r i e s  h a l f  t he  power 
The beve l  p i n i o n s  and the gears t h a t  they d r i v e  a re  i d e n t i c a l  i n  
respec t  o f  t o o t h  loads ,  t o o t h  geometry, and speed r a t i o ,  w h i l e  hav ing  d i f f e r e n t  
types o f  b e a r i n g  suppor ts .  
Torque d i v i d i n q  mechanism 
The i n t e r m e d i a t e  beve l  p i n i o n s  a r e  n o t  connected d i r e c t l y  to the 
engine beve l  gear, b u t  a r e  d r i v e n  through a to rque d i v i d i n g  u n i t  t h a t  s u p p l i e s  
two i d e n t i c a l  o u t p u t  to rques ,  each be ing  h a l f  the  to rque  i n p u t  f rom the  engine 
beve l  gear. 
Severa l  a l t e r n a t i v e  mechanisms a r e  a p p r o p r i a t e  b u t  the  type  chosen, 
f o r  reasons o f  l i g h t n e s s ,  r e l i a b i l i t y ,  and a b i l i t y  t o  accommodate a x i a l  growth,  
c o n s i s t s  o f  a smal l  p l a n e t a r y  u n i t  w i t h  stepped p l a n e t  p i n i o n s  t h a t  engage 
a r i n g  gear and a sun gear. The r i n g  gear s u p p l i e s  to rque t o  a r e a r  beve l  
p i n i o n  w h i l e  the  sun gear t r a n s m i t s  an i d e n t i c a l  to rque t o  a f r o n t  p i n i o n .  
There i s  no mot ion  across the gears and bear ings  o f  the to rque d i v i d i n g  
u n i t  and s o  no losses  a r e  i ncu r red .  A t  a change i n  eng ine  to rque,  however, 
an i n c r e m e n t a l l y  smal l  angu la r  ad jus tment  o f  the r i n g  gear and sun gear occurs  
as the  l ong  c ross  s h a f t  d e f l e c t s  t o r s i o n a l l y  and as the  housings t h a t  c a r r y  
the  beve l  gears deform. The f u n c t i o n  o f  t h e  to rque  d i v i d e r  i s  t o  keep cons tan t  
the  d i v i s i o n  o f  to rque between the p a r a l l e l  s e t s  o f  beve l  gears and f i n a l  d r i v e  
p i n i o n s  d e s p i t e  such t o r s i o n a l  and s t r u c t u r a l  de fo rma t ions .  
F i n a l  r e d u c t i o n  s taqe  
The f i n a l - s t a g e  p i n i o n s  and assoc ia ted  beve l  gears a r e  o f  one-p iece 
c o n s t r u c t i o n  i n  o r d e r  t o  min imize  we igh t  and a l l o w  each assembly t o  be c a r r i e d  
on o n l y  two bear ings .  
0 
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Spacing o f  the f o u r  p i n i o n s  around the combin ing gear a s s i s t s  i n  
b a l a n c i n g  the  r a d i a l  loads on the gear and the  main s h a f t ;  t he  spac ing  chosen 
keeps t o  a low l e v e l  the unbalanced load t h a t  occurs d u r i n g  s i n g l e  engine 
o p e r a t i o n .  
0 
D i f f e r e n t  methods of c o n s t r u c t i o n  f o r  the combin ing gear a re  f e a s i b l e ,  
the  l i g h t e s t  des ign  compr i s ing  a s t e e l  gear r i m  and web t h a t  t r a n s m i t s  to rque 
t o  the  main s h a f t  through t i t a n i u m  suppor t  d i s c s .  D i r e c t  mount ing o f  the  
combin ing gear on the  main s h a f t  p rov ides  a r i g i d  suppor t  f o r  the  gear w h i l e  
a v o i d i n g  the  i n t r o d u c t i o n  o f  bear ings  a d d i t i o n a l  t o  those t h a t  c a r r y  the  
main s h a f t .  
Speed r e d u c t i o n  r a t i o s  up t o  about 1 O : l  a re  p o s s i b l e  when f o u r  p i n i o n s  
d r i v e  the  combin ing gear, t he  h i g h e s t  r a t i o s  n a t u r a l l y  i n v o l v i n g  a l a r g e r  
gear d iameter  and a consequent inc rease i n  hous ing  s i z e .  I n  o r d e r  t o  keep 
the  gear and hous ing  s i z e  comparable w i t h  p l a n e t a r y - t y p e  des igns ,  and a l l o w  
f o r  f u t u r e  engine growth over  1800 hp, the f i n a l  r e d u c t i o n  r a t i o  i s  h e l d  a t  
7 .26 : l .  T h i s  r a t i o  i s  much g r e a t e r  than the 4.7:1 a v a i l a b l e  f rom a f i v e - p i n i o n  
p l a n e t a r y  u n i t ,  and r e s u l t s  i n  a t ransmiss ion  t h a t  i s  about  100 l b  l i g h t e r .  
0 
T a i l  r o t o r  d r i v e  
Power f o r  the t a i l  r o t o r  i s  e x t r a c t e d  f rom one o f  the rea r  beve l  
assembl ies.  I n  o r d e r  t o  min imize  h e i g h t ,  however, and t o  g i v e  f l e x i b i l i t y  i n  
cho ice  o f  r a t i o  and s h a f t  i n c l i n a t i o n ,  the t a i l  d r i v e  p i n  
the unders ide  o f  the main beve l  gear. T h i s  arrangement a 
o f  a d r i v e  pa th  between the main s h a f t  and the  t a i l  d r i v e  
except  f o r  t he  p i n i o n  t h a t  meshes w i t h  the combin ing gear 
A t  maximum power c o n d i t i o n s  the main beve l  gear 
on i s  d r i v e n  f rom 
so has the  advantage 
s h a f t  t h a t  i s  redundant 
on which the t a i l  
d r i v e  beve l  i s  mounted c a r r i e s  900 hp. But  the  mean power e x t r a c t e d  by the  
t a i l  d r i v e  s h a f t  i s  some 380 hp, which leaves the  assoc ia ted  f i n a l  d r i v e  p i n i o n  
c a r r y i n g  o n l y  520 hp t o  the  combin ing gear .  T r a n s i e n t  load  inc reases  imposed 
0 
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by  the t a i l  r o t o r  thereby  reduce the  power c a r r i e d  by t h a t  f i n a l  d r i v e  p i n i o n .  
I n  e f f e c t ,  e x t r a c t i n g  t a i l  r o t o r  power f rom the  r e a r  bevel  assembly r e s u l t s  
i n  reduced d u t y  on the assoc ia ted  f i n a l  d r i v e  p i n i o n .  
A consequence o f  p o s i t i o n i n g  the  t a i l  d r i v e  p i n i o n  as desc r ibed  
i s  an o f f s e t  between the  t a i l  d r i v e  f l a n g e  and the v e r t i c a l  c e n t e r  p lane  
th rough t h e  main s h a f t .  The t a i l  d r i v e  s h a f t i n g  can e i t h e r  be taken d i r e c t l y  
t o  the  t a i l  r o t o r  assembly, which i t s e l f  i s  o f f s e t  f rom the fuse lage c e n t e r l i n e ,  
o r  the  d r i v e  s h a f t i n g  can be angled t o  a c o n v e n t i o n a l l y  p laced i n t e r m e d i a t e  
gearbox a t  the  base o f  t he  t a i l  r o t o r  py lon .  I n  e i t h e r  case i t  appears 
l o g i c a l  t o  p l a c e  the  t ransmiss ion  c o o l e r  and b lower  i n  the  space c r e a t e d  
by o f f s e t  o f  the  t a i l  d r i v e  s h a f t ,  
TRANSMISSION SUMMARY: FOUR-PIN ION SPLIT TORQUE D E S I G N  
Number o f  r e d u c t i o n  s tages;  engines t o  main s h a f t  
Number o f  r e d u c t i o n  s tages;  engines t o  t a i  I d r i v e  
D r i v e  t r a i n  losses ;  % o f  i n p u t  power 
Number of  p r imary  gears 
Number o f  p r i m a r y  bear ings  
Non-redundant gears and bear ings  
No ise  g e n e r a t i n g  meshes 
Engine reduc t  i o n  speed r a t  0 :  1l6/34 
I n te rmed ia te  r e d u c t i o n  r a t  0: 72/22 
F i n a l  r e d u c t i o n  r a t i o :  2 2 5 0 1  
O v e r a l l  speed r a t i o ;  engines t o  main s h a f t  
P r o j e c t e d  we igh t  f o r  3600 hp r a t i n g ,  I b  
3 
3 
2 2 5 %  
19 
31 
1 G 3  
1 1  
3.41 




0 7. FIVE P I N I O N  TRANSMISSION WITH INCLINED CROSS SHAFTS 
Ex tens ion  o f  the f o u r - p i n i o n  arrangement t o  i n c l u d e  a f i f t h  p i n i o n  
around the  combin ing gear a l l o w s  a complete separat ' ion o f  the  t a i l  d r i v e  
from the  main s h a f t  d r i v e  t r a i n s  ( f i g .  5 ) .  The f i f t h  p i n i o n  and i t s  accom- 
on the  f o r e / a f t  c e n t e r l i n e  o f  
o f  e x t r a c t i n g  t a i l  r o t o r  power 
f rom the  combin ing 
A d d i t i o n  
changes t o  the  eng 
pany ing  beve l  gear and p i n i o n  i s  p o s i t i o n e d  
the  t ransmiss ion ;  i t s  o n l y  f u n c t i o n  i s  t h a t  
gear 
o f  the  f i f t h  p i n i o n  i nvo  
ne r e d u c t i o n  beve ls ,  the  
ves no d imensional  o r  s t r u c t u  
i n t e r m e d i a t e  beve ls ,  o r  the  f 
d r i v e  p i n i o n s .  Each o f  these gear t r a i n s  remain as w i t h  the  f o u r - p i n i o n  
a1 
na 1 
arrangement. But  now a l l  f o u r  o f  the  main d r i v e  p i n i o n s  t r a n s m i t  h a l f  s i n g l e -  
engine power, 900 hp, t o  the combin ing gear, w h i l e  a w ide r  s e p a r a t i o n  o f  
the  two r e a r  i n t e r m e d i a t e  bevel  gears b r i n g s  a change i n  the s h a f t  ang le  o f  
Lhe e n y  i ne I-cduc L i 011 bcvc I t I cl i 1 1  
Minor  inc reases  i n  d r i v e  t r a i n  losses  occur  as a r e s u l t  o f  t a i l  
d r i v e  power pass ing  th rough f i v e  meshes, i n  p l a c e  o f  the  th ree  meshes w i t h  
a f o u r - p i n i o n  des ign.  The t o t a l s  o f  gears and b e a r i n g  a l s o  r i s e  w i t h  the 
f i v e  p i n i o n  arrangement and b r i n g  an inc rementa l  we igh t  ga in,  O f f s e t t i n g  
these drawbacks, however, i s  the  p r i n c i p a l  advantage t h a t  a l l  t he  d r i v e  t r a i n s  
t h a t  connect  the  engines, t he  main s h a f t ,  and the  t a i l  d r i v e  s h a f t ,  a r e  
independent f rom each o t h e r ,  o r  redundant. F u r t h e r ,  the  d r i v e  t r a i n  losses  
and o v e r a l l  we igh t  a r e  s t i l l  l ess  than w i t h  a conven t iona l  h e l i c o p t e r  t r a n s -  
m i  s s  ion .  
S 
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TRANSMISSION SUMMARY: F I V E - P I N I O N  SPL IT  TORQUE D E S I G N  
Number o f  r e d u c t i o n  s t a g e s ; e n g i n e s  t o  main s h a f t  
Number o f  r e d u c t i o n  s tages ;  engines t o  t a i l  d r i v e  
D r i v e  t r a i n  losses; '% o f  i n p u t  power 
Number o f  p r imary  gears 
Number o f  p r imary  bea r ings  
Non- redundan t gears and bear i ngs 
Noise g e n e r a t i n g  meshes 
Engine r e d u c t i o n  speed r a t i o :  1 l6 /34  
I n t e r m e d i a t e  r e d u c t i o n  r a t i o :  72/22 
F i n a l  r e d u c t i o n  r a t i o :  225/31 
O v e r a l l  speed r a t i o ;  engines t o  main s h a f t  














e 8. THREE-PINION TRANSMISSION WITH I N C L I N E D  CROSS SHAFT 
A n  a t t r a c t i v e  s i m p l i f i c a t i o n  o f  t h e  f o u r - p i n i o n  arrangement i s  o b t a i n e d  
b y  combin ing t h e  two r e a r  p i n i o n s ,  and d r i v i n g  t h e  s i n g l e  beve l  gear  t ha t  
r e s u l t s  from t w o  p i n i o n s ( f i g .  6) .  The o v e r a l l  e f f e c t  i s ,  f i r s t ,  t o  reduce t h e  
number o f  f i n a l  d r i v e  p i n i o n s  around t h e  combin ing gear t o  t h r e e ,  and second, 
t o  p l a c e  the  t a i l  d r i v e  s h a f t  on the  c e n t r a l  a x i s  o f  t h e  t r a n s m i s s i o n .  
The b e n e f i t s  assoc ia ted  w i t h  reduced component t o t a l s ,  however, 
b r i n g  t h e  p e n a l t y  t h a t  t o r q u e  f o r  the  main s h a f t  has t o  be t r a n s m i t t e d  
th rough t h r e e  mesh p o i n t s ,  w h i l e  the f o r w a r d  beve l  gears must c a r r y  more 
than h a l f  s ing le -eng ine  power. P a r a d o x i c a l l y ,  the  to rque d i v i d i n g  u n i t  i s  
s i m p l i f i e d  because i t  does n o t  have t o  p r o v i d e  two o u t p u t  to rques  t h a t  a r e  
equa l .  
Comparison w i t h  a l t e r n a t i v e  des igns shows t h e  t h r e e - p i n i o n  ar range-  0 
iiient o f f e r s  Lhe to1 l o w i n g  c h a r d c t e r i s t i c s :  
a) 
b) has the  l o w  losses  assoc ia ted  w i t h  the  f o u r  p i n i o n  des ign ;  
c)  r e q u i r e s  fewer gears and bear ings  than the  f o u r  and f i v e  p i n i o n  
accepts  any p o s i t i o n  o f  the  engines;  
des i gns ; 
d) s a c r i f i c e s  some l e v e l  o f  d r i v e  t r a i n  redundancy; 
g a i n  a t  the f i n a l  r e d u c t i o n  s tage as a r e s u l t  
f a c e w i d t h ;  
l y  l o c a t e d  t a i l  d r i v e  s h a f t ;  
a t e  s tage beve l  gears o f  h i g h e r  to rque c a p a c i t y  
on des ign.  
e) i n v o l v e s  a we igh t  
o f  h a v i n g  a w ide r  
f )  p r o v i d e s  a c e n t r a  
g) requ i  res  i ntermed 
than the  f o u r  p i n  
Enqi ne r e d u c t  i o n  s taqe 
No change i s  i n v o l v e d  
d i f f e r e n t  s h a f t  ang le  than used 
0 
i n  the  engine r e d u c t i o n  s tage except  f o r  a 
i n  t h e  f o u r  and f i v e  p i n i o n  des igns.  
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I n t e r m e d i a t e  s taqe  beve l  qears 
The i n t e r m e d i a t e  beve l  gears must t r a n s m i t  equal to rque t o  each o f  
t he  t h r e e  f i n a l  d r i v e  p i n i o n s .  For  t h i s  c o n d i t i o n  .to be r e a l i z e d ,  t he  r e a r  
beve l  gear must r e c e i v e  s u f f i c i e n t  to rque f o r  bo th  the  t a i l  r o t o r  and the  
f i n a l  d r i v e  p i n i o n .  T h i s  a d d i t i o n a l  to rque i s  e a s i l y  s u p p l i e d  as a r e s u l t  
o f  the  gear be ing  d r i v e n  by two p i n i o n s .  
For  ins tance,  i f  the t a i l  r o t o r  d r i v e  demands a mean power l e v e l  
t h a t  i s  about  1 1 %  o f  the 3600 hp t w i n  engine r a t i n g ,  o r  390 hp, then each 
o f  t he  t h r e e  f i n a l  d r i v e  p i n i o n s  must t r a n s m i t  1070 hp t o  the main s h a f t .  
T h e r e f o r e  each o f  the  fo rward  bevel  p i n i o n s  must c a r r y  1070 hp w h i l e  each 
o f  the  two r e a r  beve l  p i n i o n s  must t r a n s m i t  730 hp i n t o  t h e i r  common beve l  
gear . 
The p r i n c i p a l  change f rom the  f o u r  and f i v e  f i n a l - p i n i o n  des igns 
i s  c l c c i r l y  a55,ociatcd wiLh Ltie r r o n i  b c v c l  c~c-ar3 and Lhc> a t tached  f i n a l  d r i v e  
p i n i o n s  b e i n g  ups ized f rom 900 t o  1070 hp. 
Torque d i v i d i n q  mechanism 
I n  c o n t r a s t  t o  the f o u r  p i n i o n  des ign ,  i n  which 
s u p p l i e s  equal  to rque t o  two beve l  p i n i o n s ,  the th ree  p i n  
two to rques  i n  the r a t i o  o f  1070/730, o r  1.47, assuming 1 
t o  the t a i l  d r i v e  s h a f t .  
Such a r a t i o  i s  c o n v e n i e n t l y  s u p p l i e d  by a simp 
r i n g  
a PP 1 
equa 
a to rque d i v i d e r  
on des ign  requ i  res 
% o f  engi  ne power 
e sun/p lanet  p i n i o n /  
gear type  o f  e p i c y c l i c  t r a i n .  Wi th  to rque f rom an engine beve l  gear 
ed t o  the p l a n e t  c a r r i e r  frame, and the  r a t i o  o f  r i n g  d iameter /sun d iameter  
t o  1.47, the lowest  to rque f rom the  sun gear i s  g i ven  t o  a r e a r  beve l  
p i n i o n  w h i l e  the r i n g  year c a r r i e s  a h i g h e r  to rque to a f r o n t  bevel  p i n i o n .  
No i n t e r n a l  mo t ion  occurs w i t h i n  the  e p i c y c l i c  t o rque  d i v i d e r  as 
r e s u l t  of a l l  i t s  members t u r n i n g  a t  6128 rpm, the  speed o f  the  eng ine  
beve l  gear. But  a t  a change o f  engine to rque from ze ro  t o  maximum the  p l a n e t  
-23- 
p i n i o n s  w i l l  r o t a t e  about  10 degrees as a c r o s s s h a f t  d e f l e c t s  t o r s i o n a l l y  
under the  a c t i o n  o f  the  to rque a p p l i e d  t o  i t .  
F i n a l  r e d u c t i o n  s taqe 
A consequence o f  t h r e e  p i n i o n s  d r i v i n g  the  combin ing gear, each t rans -  
m i t t i n g  1070 hp, i s  t h a t  t he  facew id th  of the  gear must be inc reased i n  compari- 
son w i t h  the  f o u r - p i n i o n  des ign  i f  the  d iameter  and s t r e s s  l e v e l s  a r e  t o  remain 
comparable. T h i s  l a r g e r  facew id th  r e s u l t s  i n  a smal l  we igh t  increase.  There 
i s  a l s o  l e s s  p o t e n t i a l  f o r  u p r a t i n g  the  des ign  t o  accommodate f u t u r e  engine 
growth s i n c e  gear facew id th  may have a l r e a d y  been increased t o  i t s  l i m i t .  
Otherwise the  s t r u c t u r e  o f  t he  combin ing gear, the  method o f  a t tachment  
t o  the  main s h a f t ,  and the r e d u c t i o n  r a t i o  generated remain as w i t h  the f o u r  
p i n i o n  des ign .  
T a i l  r o t o r  d r i v e  
No change i s  i n v o l v e d  i n  the  t a i l  r o t o r  d r i v e  p i n i o n  and i t s  suppor t  
bear ings .  The th ree  p i n i o n  arrangement does have an advantage over  the f o u r  
p i n i o n  arrangement as a r e s u l t  o f  the  t a i l  d r i v e  s h a f t  b e i n g  c e n t r a l l y  p o s i t i o n e d .  
TRANSMISSION SUMMARY: THREE-PINION S P L I T  TORQUE D E S I G N  
0 
Number o f  r e d u c t i o n  s tages ;  engines t o  main s h a f t  3 
Number o f  r e d u c t i o n  s tages;  engines t o  t a i l  d r i v e  3 
D r i v e  t r a i n  losses ;  'X o f  i n p u t  power 2 2 5 %  
Number o r  p r i m a r y  gears 17 
Number o f  p r i m a r y  bea r ings  29  
Non-redundant gears and bear ings  3 & 5  
Noise g e n e r a t i n g  meshes IO 
Engine r e d u c t i o n  speed r a t i o :  116/34 3.41 
I n t e r m e d i a t e  r e d u c t i o n  r a t i o :  72/22 3 2 7  
F i n a l  r e d u c t i o n  r a t i o :  2 2 5 0 1  7.26 
O v e r a l l  speed r a t i o ;  engines t o  main s h a f t  81.04 
P r o j e c t e d  we igh t  f o r  3600 hp r a t i n g ,  I b  915 
e 
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9. COMPARISON OF T R A N S M I S S I O N  ARRANGEMENTS 
F i n a l  s e l e c t i o n  o f  the  t ransmiss ion  arrangement f rom the  a l t e r n a t i v e s  
i s  based on a comparison o f  we igh t ,  d r i v e  losses ,  component counts  and l e v e l  
o f  d r i v e  t r a i n  redundancy. These f a c t o r s  a r e  g i ven  i n  Tab le  I ;  the  we igh ts  
f o r  each arrangement a re  d e r i v e d  f rom des ign  l ayou ts .  
A UH 60 type t ransmiss ion  a l s o  i s  i nc luded  i n  Tab le  I f o r  two reasons. 
F i r s t ,  i t  rep resen ts  a recen t  and advanced t ransmiss ion  des ign  t h a t  i s  powered 
by T7OO engines.  Second, the  s p l i t  to rque arrangement comprises a p o s s i b l e  
replacement f o r  the  UH 60 arrangement as a consequence o f  bo th  des igns f i t t i n g  
the  NASA t e s t  s tand,  and a c c o r d i n g l y  hav ing  i d e n t i c a l  d r i v e  s h a f t  l o c a t i o n s  
and to rque  r e a c t i o n  p o i n t s .  
Tab le  I shows the  f o u r  p i n i o n  des ign  t o  have bes t  o v e r a l l  advantage 
f o r  t he  f o l l o w i n g  reasons: 
JC l e a s t  o v e r a l l  we igh t  
J; reduced losses  
;k o n l y  one non-redundant gear 
JC comparable t o t a l s  o f  gears and bear ings  
A f u r t h e r  advantage o f  the  f o u r - p i n i o n  arrangement i s  t h a t  tw in -eng ine  
growth  t o  4500 hp can be accepted w i t h i n  the  same housing,  whereas t h i s  i s  n o t  
rrangement. 
n s e l e c t i o n  o f  t he  f o u r - p i n i o n  arrangement 
ng, and o p t i o n a l  f a b r i c a t i o n  under 
the  case w i t h  t 
These 
f o r  f u r t h e r  des 
Task I V .  
e t h  ree -p i  n i o n  
f a c t o r s  r e s u l t  
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0 9.1 Weight Comparison w i t h  P l a n e t a r y  Design 
The we igh t  r e d u c t i o n  a v a i l a b l e  f rom the  f o u r - p i n i o n  s p l i t  to rque 
des ign  i s  assessed by comparison w i t h  an up ra ted  
m iss ion .  Prev ious  examinat ions  i n t o  h e l i c o p t e r  t ransmiss ion  t rends  have 
demonstrated t h a t  w e i g h t  v a r i e s  a c c o r d i n g  
o v e r a l l  r e d u c t i o n  r a t i o .  
UH 6O-type p l a n e t a r y  t r a n s -  
t o  (ou tpu t  t o rque) '75  fo r  equal  
A b a s e l i n e  f o r  comparison i s  the UH 60 p l a n e t a r y  t ransmiss ion  w i t h  
a we igh t  o f  943 l b  a t  1560 hp per engine.  T h i s  we igh t  i nc ludes  the  main 
t ransmiss ion ,  i n p u t  s e c t i o n s ,  main s h a f t ,  sump and i n t e r n a l  lube  pumps. Not 
i nc luded  a r e  the  accessory gearboxes, c o o l e r  and b ower. 
Main s h a f t  to rque i s  p r o p o r t i o n a l  t o  eng ne r a t i n g  when the r o t o r  
speed remains unchanged. I t  f o l l o w s  t h a t  t he  d r y  we igh t  o f  p l a n e t a r y  type 
o f  t ransmiss ion  r a t e d  a t  1800 hp per  engine i s :  
Weight f o r  3600 hp 
p l a n e t a r y  t ransmiss ion  
= 943(3600/3120)*75 = 1050 l b  
~r Weight f o r  3600 hp 
s p l i t  t o rque  t r a n s m i s s i o n  
= 892 l b  
On the  b a s i s  o f  t ransmiss ion  d r y  we igh t  t h e  s p l i t  to rque des ign  t h e r e f o r e  
g i ves  a 15% we igh t  r e d u c t i o n .  
* See s e c t i o n  19, page 66. 
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10. GEOMETRY OF GEAR AND SHAFT LOCATIONS 
The l o c a t i o n  o f  the f o u r  f i n a l  d r i v e  p i n i o n s  around the  combin ing gear 
i s  determined p r i m a r i l y  by the o f f s e t  and the  fo rward  p o s i t i o n  o f  each engine 
i n p u t  d r i v e  f l a n g e  f rom the  main s h a f t .  These two dimensions a re  predetermined 
from the e x i s t i n g  t e s t  s tand.  I n  a d d i t i o n ,  smal l  changes i n  the  p i n i o n  p o s i t i o n s  
a r e  made so t h a t  the  mesh p o i n t s  a r e  o u t  o f  sequence. That i s ,  t e e t h  on the  
f o u r  p i n i o n s  e n t e r  mesh n o t  s imu l taneous ly ,  b u t  a t  i n t e r v a l s  o f  one-quar te r  t he  
p i t c h  o f  the combin ing gear .  
I n t e r r e l a t e d  w i t h  the  p o s i t i o n  o f  t he  f i n a l  d r i v e  p i n i o n s  i s  t he  s h a f t  
ang le  o f  the i n t e r m e d i a t e  s tage beve l  gears and t h a t  o f  t h e  engine beve l  gears.  
Each s h a f t  ang le  has a p r e c i s e  va lue  cor respond ing  t o  p o s i t i o n i n g  the  engine 
i n p u t  lange a t  i t s  c o r r e c t  h e i g h t ,  o f f s e t ,  and fo rward  p o s i t i o n  r e l a t i v e  t o  
the  ma n s h a f t .  The l o c a t i o n  o f  gear axes and s h a f t  angles adopted i n  the  f i n a l  
des ign  i s  g i ven  i n  the  f o l l o w i n g  t a b l e .  
GEAR AND SHAFT LOCATION DATA 
Forward s h a f t  ang le  o f  main s h a f t  t o  w a t e r l i n e  
S h a f t  a n g l e  o f  i n t e r m e d i a t e  beve l  gears 
S h a f t  ang le  o f  eng ine  beve l  gears 
Shaf t  ang le  o f  t a i l  d r i v e  beve l  gears 
Angle between rea r  beve l  gears and f o r e l a f t  a x i s  
Angle between rea r  and f r o n t  beve l  gears 
He igh t  o f  engine bevel  cone p o i n t  above w a t e r l i n e  
Coord inates f o r  engine beve l  p i t c h  cone: 
x dimension, f rom main s h a f t  
y dimension, f rom main s h a f t  
8 7 O  
88'2 0 I 
24'26 ' 30" 
100'53 ' 
2 21 0 
2 goo 
8.8251 i n  
32.3376 i n  
30.000 i n  
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Coord inates f o r  f o rward  f i n a l  d r i v e  p i n i o n s :  
x d imension,  f rom main s h a f t  
y dimension, f rom main s h a f t  
Coord inates f o r  rea r  f i n a l  d r i v e  p i n i o n s :  
x dimension, f rom main s h a f t  
y d imension,  f rom main s h a f t  
7.238 i n  
18.819 i n  
18.819 i n  
7.224 i n  
1 1 .  FINAL REDUCTION STAGE 
The f i n a l  r e d u c t i o n  s tage has the  d u t y  o f  s u p p l y i n g  to rque t o  the 
main r o t o r  s h a f t  w h i l e  c o n t r i b u t i n g  l e a s t  we igh t .  The use o f  m u l t i p l e  d r i v e  
p i n i o n s  boos ts  the  r a t i o  a v a i l a b l e  a t  t h i s  c r i t i c a l  s tage as a r e s u l t  o f  
a l l o w i n g  reduc t i ons  i n  the  d iameter  and facew id th  o f  the  combin ing gear. 
Wi th  the  p resen t  des ign  the re  a r e  r e s t r i c t i o n s  on the cho ice  o f  
t o o t h  numbers as a r e s u l t  o f  hav ing  t o  match the r a t i o  i n  the  e x i s t i n g  t e s t  
s tand.  I t  i s  f o r  t h i s  reason t h a t  t he  225T/31T combina t ion  i s  s e l e c t e d  t o  g i v e  
a f i n a l  r a t i o  o f  7 .26 : l .  I n  o t h e r  c i rcumstances,  w i t h  a f r e e  cho ice  o f  r a t i o ,  
a s l i g h t l y  h i g h e r  r a t i o  would be a p p r o p r i a t e .  
A module p i t c h  f o r  the t e e t h  i s  se lec ted ,  i n  p re fe rence  t o  a d i a -  
m e t r a l  p i t c h  t o  o b t a i n  a r e q u i r e d  d iameter  f o r  the gear w h i l e  r e t a i n i n g  the  
t o o t h  combina t ion  a l r e a d y  noted.  F u r t h e r ,  the mesh facew id th  f o r  the  b a s e l i n e  
des ign  i s  s u f f i c i e n t l y  narrow t o  a l l 6 w  l a t e r  u p s i z i n g  o f  the t r a n s m i s s i o n  by 
i n c r e a s i n g  the  facew id th  o f  the  combin ing gear .  
Angular  spac ing  o f  the  p i n i o n s  around the  combin ing gear i s  chosen 
s o  t h a t  the f o u r  se ts  of  p i n i o n  t e e t h  a r e  o u t  o f  phase by  one q u a r t e r  o f  a 
p i t c h .  I n  t h i s  way any to rque p u l s i n g  e f f e c t  from f o u r  t e e t h  i n  i d e n t i c a l  mesh 
p o s i t i o n s  i s  avoided.  
Comprehensive da ta  f o r  the  f i n a l  r e d u c t i o n  s tage gears i s  t a b u l a t e d  
on pages 29 and 30. 
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DATA FOR FINAL STAGE GEARS 
I t em Gear P i n  i on  (4) 
No. o f  t e e t h  22 5 
Speed r a t i o  7.2581 
Speed; rpm 258 
Center d i s t ;  i n  
P i t c h ;  d i a ;  i n  35.433 1 
P i t c h  & pressure  ang le  
Facewidth ; i n  3.75 
Power, max. r a t e d ,  hp 3600 
Torque a t  max power, i n - l b  8794 1 0 
20.1575 
Tangen t ia l  load ;  l b  12409 
a AGMA Geom. F a c t o r  .464 
Compressive s t r e s s ,  max; l b / i n 2  158700 
n 
Bending s t r e s s ,  rnax; l b / i n L  
K F a c t o r ;  l b / i n 2  
Scor i ng index 
F l a s h  temperature;  OF 
Dwg. No. 
Per AGMA 2170.01 
58870 
77 1 












A l t e r n a t e  des iqn  o p t i o n  f o r  lower s t r e s s  l e v e l s  
Pressure ang le  
Compressive s t r e s s ,  max; l b / i n  







TOOTH FORM DATA FOR FINAL STAGE GEARS 
I tern Gear P i n i o n  (4) 
No o f  t e e t h  225 31  
P i t c h  d i a ;  i n  35.4331 4.8820 
Outs ide d i a ;  i n  35.686 5.259 
Addendum; i n  0.126 0.189 
Addendum s h i f t ;  i n  - .062 +. 062 
Base d i a ;  i n  33 2 9 6  4.587 
NCT a t  p i t c h  d i a ;  i n  0.225 0.270 
NCT a t  o u t s i d e  d i a ;  i n  0.131 0.108 
J Fac to r  0.464 0.464 
Whole depth f a c t o r  2.400 2.400 
0.81 I 0.81 1 A c t i o n  l i n e  l eng th ;  i n  
Contact  r a t  io 1.7447 1 .7447 
I Fac to r  0.139 0. I 3 9  
11.2 Combining Gear with Increased Rating 
Dimensions chosen for the baseline design of combining gear are such 0 
as to allow for growth of the engines without any change in housing dimensions. 
An assumption i s  that the T7OO engine will experience growth from its initial 1500 hp 
to about 2250 hp. The combining gear can accommodate this growth by combinations 
of  small increases in facewidth, pressure angle and operating stresses. 
A general expression relating the torque carried with pinion geometry and 
tooth compressive factor K i s :  R = 0.5 [ - I  + [ l  i- 4neKD3/(2T)] 0.5} 
where R = final stage reduction ratio; R = 225/31 
n = number of final drive pinions; n = 4 
e = mesh facewidth/pinion pitch diameter; e = F/d 
K = contact stress factor; K = w(R + I)/(FdR); lb/in 
w = tooth tangential load, I b  
D = pitch diameter of combining gear; D = 35.433 in 
T = torque capacity of combining gear, in-lb 
P = power capacity of combining gear, hp 
F = mesh facewidth, in 
d = pinion pitch dia, in 
2 
Inserting the constants R, n and D appropriate to the baseline design 
and a main shaft speed of 258 rpm results in the equations: 
T = 1484.41 e K and P = 6.0766 e K 
Changes to the final reduction train as a means of  accommodating the power 
from each T7OO engine rising from 1500 hp to 2250 hp are as tabulated on page 32. 
Ute teeth; a 
io teeth is also 
These changes in dimensions are appropriate to conventional invo 
separate investigation into the applicability of high contact ra 
relevant, but has not been undertaken in the present study. 
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C O M B I N I N G  GEAR D I M E N S I O N S  FOR H I G H E R  RATINGS 
Comb i ned powe r 
2-T7OO engines 
Combining gear 
to rque capac i t y  , i n  - 1  b 
Contact  s t r e s s  K f a c t o r ,  l b / i n 2  
Facew id th /p in ion  r a t i o  e 
Ac tua l  f acew id th ,  i n  
Pressure ang le ,  degrees 
Compressive s t r e s s ;  1 b / i  n2 






















2 5  
1581 90 
59160 
A n a l y s i s  o f  the  gear t o o t h  bending and compressive s t resses ,  and the  
e f f e c t  o f  suppor t  r i m  t h i ckness ,  was under taken by a f i n i t e  element program. 
T y p i c a l  r e s u l t s  f o r  the  mesh p a t t e r n ,  t o o t h  d e f l e c t i o n  and s t r e s s  con tou rs  a r e  
as shown i n  the  p r i n t o u t s  below f o r  a 6.35 DP gear. 
Mesh p a t t e r n  Tooth d e f l e c t i o n  S t r e s s  con tou rs  
e 
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11.3 Net  Load on Combining Gear 
A consequence o f  the  f o u r  f i n a l  d r i v e  p i n i o n s  n o t  b e i n g  spaced 
0 
s y m m e t r i c a l l y  i s  t h a t  the  combin ing gear exper iences a r e s u l t a n t  r a d i a l  load  
t h a t  i s  reac ted  on t o  the  main s h a f t  bear ings .  A second reason f o r  a r a d i a l  
load  i s  t h a t  t he  t o o t h  load f rom one p i n i o n ,  t h a t  assoc ia ted  w i t h  the  t a i l  
d r i v e  gear, i s  reduced as a r e s u l t  o f  i t  c a r r y i n g  h a l f - e n g i n e  power l e s s  the  
t a i l  d r i v e  power. 
The r e s u l t a n t  t o o t h  load a t  the  f o u r  p i n i o n  meshes i s  denoted by 
R ,  th rough R4 as shown i n  the  f i g u r e  below. H o r i z o n t a l  and v e r t i c a l  
components o f  these r e s u l t a n t s  then a re  added i n  o r d e r  t o  de termine,  f i r s t ,  
t he  n e t  h o r i z o n t a l  and v e r t i c a l  f o r c e s ,  and second, the  s i n g l e  r e s u l t a n t  load  
on t h e  gear. 
Components o f  t o o t h  f o r c e s  a c t i n g  on the  combin ing gear 
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Wi th  the  year  p ressure  ang le  0, the 
h o r i z o n t a l  components a r e :  
From R 1 :  
From R2 : 
- R 1  COS (90 - E? - 0) 
+R2 COS (90 + A - 0) 
+R COS (90 - A - 0) 
+R4 s i n  (B - 0 )  
3 :  3 From R 
From R4: 
V e r t i c a l  components: 




+R1sin (90 - E? - 0) 
-R2 s i n  (90 + A - 0) 
- R 3  s i n  (90 - A - 0) 
+R4 COS (E? - 0) 
W i th  the p resen t  des ign,  a t  max. r a t e d  power o f  1800 hp f rom each engine:  
A = 21° E? = 69' 0 = 20° 
R 1  = R2 = R4 = 13205 l b  R3 = 7630 l b  
H o r i z o n t a l  component = +1539 l b  
V e r t i c a l  component = -10068 l b  
Net r e s u l t a n t  f o r c e  on gear = 10185 l b  
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12. INTERMEDIATE STAGE BEVEL GEARS 
Each o f  the f o u r  se ts  o f  i n te rmed ia te  s tage beve l  gears i s  r a t e d  
a t  900 hp. 
adopted f o r  the  fo rward  and rea r  beve l  se ts  i n  each d r i v e l i n e .  O u t l i n e  da ta  
f o r  the gears i s  summarized i n  the  f o l l o w i n g  t a b l e .  
I d e n t i c a l  gear d iameters  and t o o t h  p r o p o r t i o n s  a r e  a c c o r d i n g l y  
Data f o r  i n t e r m e d i a t e  Staqe Bevel Gears 
I tem P i n i o n  Gear 
No. o f  t e e t h  
R a t i o  
D iamet ra l  p i t c h  
Facewidth,  i n  
Pressure ang le  
S h a f t  ang le  
Mod i f i ed con tac t r a t i o 
P i t c h  d i a m e t e r ,  i n  
P i t c h  ang le  
Mean s p i r a l  a n g l e  
Mode o f  ope ra t  i on  
Hand, r o t a t i o n  
Max. power, hp 
Torque, i n - l b  
Speed, rpm 
Compressive s t r e s s ;  b, 
Bendi ng s t r e s s  ; 1 b/ i n2 
Mean work ing  d i a ;  i n  
2 i n  










A T  = 225OF 
72 









d r i v e n  









I tem P i n i o n  Gear 
Tangen t ia l  f o r c e ;  l b  5138 5138 
A x i a l  f o r c e ;  l b  31 10 1151 
Separa t i ng  f o r c e ;  l b  
Gear web ang le  
1249 3150 
a r c t a n  ( 1  151/3150) = 20.07' 
12.1 B e a r i n g  Loads and L i f e  fo r  Rear Bevel P i n i o n s  
Each o f  the  two i n t e r m e d i a t e  rea r  beve l  p i n i o n s  i s  s t radd le -mounted 
on bear ings  t h a t  a re  spaced as shown below. Tooth f o r c e s  and the  b e a r i n g  loads 
cor respond ing  t o  a 900 hp r a t i n g  a r e  g i v e n  on the  diagram. These loads a re  
used f o r  de te rm in ing  b e a r i n g  1 i f e .  
I 
5138 a x i a l  
t a n g e n t i a l  1 1249 I s e p a r a t i n g  
A t  a 900 hp r a t i n g :  
P i n  i o n  to rque , 9255 
Tangen t ia l  t o o t h  load,  T 5138 
A x i a l  t o o t h  load,  A 3 1  i o  
Separa t i ng  t o o t h  load,  S 1249 




F r o n t  b rg .  load ,  rnax. R 1  = 2744 l b  
Rear b rg .  loads,  max. R2 r a d i a l  = 3005 l b  
on s e t  R2 a x i a l  = 3110 l b  
As no ted  on p. 4, b e a r i n g  load p r o r a t e  f a c t o r  of 0.60 and B , o  m a t e r i a l  l i f e  
f a c t o r  o f  5 a r e  used f o r  the  c a l c u l a t i o n s  o f  b e a r i n g  l i f e  th roughout  t h i s  r e p o r t .  
A l l  p e r t i n e n t  b e a r i n g  d a t a  i s  shown i n  S e c t i o n  18, Bear ing  Data Summary, 
pp. 63 and 64. 
A l l  b e a r i n g  l o c a t i o n s  a r e  shown on F i g u r e  6A, p. 65. 
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Bear inq  S i z i n q  and L i f e  f o r  Rear P i n i o n  
F r o n t  b e a r i n g  Rl  
Speed, rpm 
Max load, l b  
0.6 p r o r a t e d  load, I b  
Bear ing  s i z e ,  mm 
Dynamic c a p a c i t y ,  I b  
Computer c a l c .  B l o  l i f e ,  hours 
( m a t e r i a l  l i f e  f a c t o r  o f  5) 
Rear b e a r i n g  s e t  R2 (tandem arrangement) 
Speed, rpm 
Max loads on p a i r ,  l b  
0.6 p r o r a t e d  loads, I b  
Tandem s p l i t  i n n e r  race p a i r ,  mm 
Dynamic c a p a c i t y  o f  one brg,o(  = 25', I b  
Dynamic c a p a c i t y  o f  p a i r ,  C ( 2 ) O a 7 ,  I b  
Bear i ng cons tan ts  
JC P = XPr + YPa = .41(1803) + .87(1866), I b  
Computer c a l c .  Bl0 l i f e ,  hours 








3005 r a d i a l ,  3110 a x i a l  
1803 r a d i a l ,  1866 a x i a l  
60 x I30  x 62 
C = 18370 
Cp = 29840 




P r  denotes the p r o r a t e d  r a d i a l  load  for  the  t h r u s t  b e a r i n g  
Pa denotes the  p r o r a t e d  a x i a l  load  f o r  t he  t h r u s t  b e a r i n g  
X and Y a r e  handbook b e a r i n g  cons tan ts  
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13.1 LOADS ON INTERMEDIATE BEVEL GEAR & SPUR P I N I O N  ASSEMBLIES 
Angu lar  p o s i t i o n  o f  r e s u l t a n t  load R a t  t he  f o u r . p i n i o n s  t h a t  d r i v e  the  
combin ing gear. I n  a l l  cases pressure  ang le  4 = 22.5O. 
P o s i t i o n  o f  loads on the  f o u r  beve l  gear and 






Rear l e f t :  Re = 180 - [ a  + d + 90 + $1 = 22.5' 
F r o n t  l e f t :  Fe = 90 + # - (a + d) = 67.5' 
Rear r i g h t :  Rr = 90 + $ - (a + d) = 67.5' 
F r o n t  r i g h t :  F r  = 180 - (a + d) - 90 - 4 = 22.5' 
R I  GHT 
REAR 
R I G H T  
FRONT 
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13.2 BEARING LOADS FOR INTERMEDIATE GEAR & FINAL P I N I O N  
r = 5.896 T / 
t--l / 
S 
Fron t  L e f t  S e t  
Fe = 67 .5O a t  900 hp r a t i n g  
T = 5138 l b  
S = 3150 l b  
A = 1151 l b  
r = 5.896 i n  0 = 22.5' 
Spur p i n i o n  torque 30291 i n - l b  
W t  = 12409 l b  
R = wt/cos 0 = 13431 l b  
Loads i n  Ref, p lane 
From a x i a l  load A, Moment = Ar 
Fromsepara t ing  load S 
fR2 = 3190 
JR1 = 40 
From p i n i o n  load, r e s u l t a r l t  R 
fR2 = 2017 
f R 1  = 3123 
Summing loads i n  Ref. p lane  
{R2  = -859 + 3190 i- 2017 = 4348 [1Q] 
+R1 859 - 40 + 3123 = 3942 [lb] 
-41- 
(b) Loads Normal t o  Ref. Plane 
From bevel  t a n g e n t i a l  load,  T = 5138 l b  
R2 = 5203 k R l  = 65 
0 
From spur p i n i o n  load o f  R s i n  Fe where R s i n  Fe= 13431 s i n  67.5 = 12408rIbl :  
\ 1 R 2  = 4869 'R1 = 7539 
Summing loads normal t o  Ref. p lane  
' R2 = 5203 + 4869 = 10072 (fb) 
'R1 = -65 + 7539 = 7474 (lb) 
From vec to r  sum o f  loads, R2 and R a re :  
1 
R2 = 10970 (lb] 
R 1  = 8450 clb] 
2 
R22 = 43482 + 10072 
R 1 2  = 39422 + 74742 
B e a r i n q  s i z i n q  and l i f e  
Upper ( ro l1e r )  Lower(ro1 l e r )  B a l l  Th rus t  
b e a r i n q  R2 b e a r i n q  R1  bear i nq R3 
Speed, n,  rpm 1872.6 1872.6 1872.6 
Max, load, a t  900 hp, l b  
a x i a l  
0.6 p r o r a t e d  load, P ,  l b  6582 69 "1 1 8450 5070 l o g 7 ~ }  r a d i a l  { 
Bear ing  s i z e ,  mm 9% 170x32 95x 170x32 105x145~20 
Dynamic c a p a c i t y ,  C, lb 443 00 44300 11200 
C/P value,  p r o r a t e d  * C/Pe va lue,  p r o r a t e d  
6.730 8.737 -- 
-- 18.636 -- 
Bl0 1 i f e ;  106(C/P)3*33/60n, hours 5100 12100 -- 
B l 0  l i f e ;  lo6(,/, )3/60n, hours -- -- 57600 e 
o f  5, hours 25500 60500 288000 
B l 0  l i f e ;  m a t e r i a l  l i f e  f a c t o r  
Pe = XPr  + YPa 
P,= (0.87)(691) = 601 l b  
* Pe denotes the e q u i v a l e n t  p r o r a t e d  load f o r  t he  t h r u s t  brg.  
P r  denotes the p r o r a t e d  r a d i a l  load 
Pa denotes t h e  p r o r a t e d  a x i a l  load 
X and Y a r e  handbook b e a r i n g  cons tan ts  (X=0.41; Y=0.87) 
-42- 




W t  = 12409 l b ;  R = 13431 Ib ;  
Fr = f ron t  r i g h t  ang le  from Ref. p lane = 22.5O 
0 = 22.5 
A t  900 hp; T = 5138; S = 3150; A = 1151 C1 b J  
Loads i n  Ref. p lane 
From a x i a l  l oad  A, Moment = Ar 
\ R2 = 859 
R 1  = 859 
From s e p a r a t i n g  l oad  S 
fR2 = 3190 
i R 1  = 40 
From p i n i o n  load, r e s u l t a n t  R 
1 R2 = 4869 
+ R 1  = 7539 
-43- 
Summing loads i n  Ref. p lane 
R2 = 859 - 3190 + 4869 = 2538 [ Ib ]  
= 6720 ( lb ]  = -859 + 40 + 7539 a R 1  
Loads normal t o  Ref. p lane 
From beve l  t a n g e n t i a l  load: T = 5138 l b  
R2 = 5203 
/ 
/R1 = 65 
From spur p i n i o n  l oad  o f  
/R2 = 2017 
x R 1  = 3123 
Summing loads normal t o  
R s i n  
e f .  p ane 
f R 1  = 3123 - 65 = 3058 [ lb ]  
Vec tor  sum o f  loads on R2 and R 1  
R22 = 72202 + 25382 
R l 2  = 30582 + 67202 
Bear i "9. s i-gfing and 1 i f e  
Speed, rpm 
Max load,  a t  900 hp, I b  
0.6 p r o r a t e d  l oad  P, l b  
Bear ing  s i z e ,  mm 
Dynamic c a p a c i t y  c ,  I b  
C/P va lue,  p r o r a t e d  
B10 1 i f e ;  106(C/P)3.33/(60n), h rs .  
B l o  l i f e ;  m a t e r i a l  l i f e  h rs .  
f a c t o r  o f  5 


















C a l c u l a t i o n s  and s i z i n g  for  the  b a l l  t h r u s t  b e a r i n g  R 3 ( p a r t  No. 4023) a r e  
i d e n t i c a l  w i t h  t h e  t h r u s t  b e a r i n g  c a l c u l a t i o n s  shown on page 41. 
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( c )  Rear R iqh t  Set 
T 
A 
R, = r e a r  ang le  f rom Re f .  p lane = 67.5' 
W t  = 12409 I b  ; R = 13431 l b  ; 0 = 22.5' 
R r  = ang le  f rom Ref .  p lane f o r  r i g h t  rea r  spur p i n i o n  a t  900 hp; 
S = 3150; A = 1151 ; T = 5138 ; [ l b l  
Loads i n  R e f .  p lane 
From a x i a l  load A ,  Moment = A r  
4R2 = 776 
\ R 1  = 776 
From s e p a r a t i n g  load S 
1R2 = 3186 
\R1 = 36 
From p i n i o n  load, r e s u l t a n t  R 
R2 = 1821 
Rl = 3319 
-45- 
Summing loads i n  Ref. p lane 
j R 2  = -776 + 3186 - 1821 = 589 [ l b l  
j R 1  = -776 + 36 - 3319 = 2579 [ lb] 
Loads normal t o  Ref. p lane;  T = 5138 l b  
From beve l  t a n g e n t i a l  load  
R2 = 5197 
p/ 
9 1  = 59 
0 
From spur p i n i o n  l oad  o f  9 s i n  R where R s i n  R r  = 13431 s i n  67.5 = 12409 lb, 
r ? 
, w R 2  = 4396 
f R 1  = 8013 
Summing loads normal t o  Ref. p lane 
/R2 = 5197 - 4396 = 801[1b] 
/ r R 1  = 8013 + 59 = 8072 [lb] 
Vec tor  sum o f  loads on R2 and R 1  
R2 = 58g2 + 8012 
R12 = 257g2 + 80722 
Bear ing  s i z i n g  and l i f e  
Speed, rpm 
Max load, a t  900 hp, l b  
0.6 p r o r a t e d  l oad  P, l b  
Bear ing  s ize ,  mm 
Dynamic c a p a c i t y  c, I b  
C/P va lue ,  p r o r a t e d  
910 1 i f e ;  106(C/P)3*33/(60n), h rs .  
610 l i f e ;  m a t e r i a l  l i f e  hrs .  
f a c t o r  o f  5 
R2 = 994 [ lb ]  









15 x 10 
75 x 10 









C a l c u l a t i o n s  and s i z i n g  for the b a l l  t h r u s t  b e a r i n g  R 
i d e n t i c a l  w i t h  t h e  t h r u s t  b e a r i n g  c a l c u l a t i o n s  shown on page 41. 
( p a r t  No. 4023) a r e  3 
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Re = ang le  between Ref. p lane  and p i n i o d g e a r  c e n t e r l i n e  
Re = 90 - 0 - 45' ~22.5' E = 24'; F = 45' 
A t  900 hp from main bevel  p i n i o n  
AT 380 hp t o  t a i l  d r i v e  g e a r  
T1 = 5138; S 1  = 3150; A1 = 1151 
T2 = 2680; S2 = 3349; A2 = 1698 
; 
; 
[ l b l  
[lb: 
and 520 hp t o  spur  p i n i o n  R = 7760 l b ;  0 = 22.5' 
Loads i n  Ref. p lane  
From a x i a l  load  A1 ; Moment = A 1 r 1  , \ R l  = 7 7 6 , \ r R 2  = 776 
From s e p a r a t i n g  l oad  S 1  
\R2 = 3186 
From spur  p i n i o n  l oad  R 
X R ,  = 4629; \R2  = 2540 
\ R 1  = 36; 
-47- 
From component o f  sep. load  S 2 ;  ~ R I  = 507, \R2 = 2570 
From component o f  tan.  load T2; \ R 1  = 181, \R2 = 909 
From component o f  A2 moment; \ Q R l  = 975, \R2 = 975 
Summing loads i n  Ref .  p lane  
N R l  = 776 - 36 + 4629 - 507 - I81 - 975 = 3706[ Ib l  
\R2 = -776 + 3186 + 2540 - 2570 - 909 + 975 = 2446[1b] 
From tang.  load  T 1 ;  f R 1  = 65 i R 2  = 5197 
From spur  p i n i o n  load R; 1 R 2  = 1052 
From compt. o f  sep. load S2; / R 1  = 226 / R 2  = 1136 
From compt. p f  tan.  load T2; / R I  = 406 f R2 = 2043 
/ R l  = 1918 
Summing loads normal t o  Ref .  p lane 
f R 1  = 65 + 1918 + 226 - 406 = 
# R2 = 5197 - 1052 - 1136 + 2043 
1803 [lb] 
= 5052 r l b 7  
L A  
Vec tor  sum o f  loads on Rl  and R2 bea r ings  
R,2 = 37062 + 180J2 ; R 1  = 4121 [ l b l  ; 
B e a r i n q  s i z i n q  and l i f e  
Speed; rpm 
Max load a t  900 hp, l b  
0.6 p r o r a t e d  l oad  P, l b  
Bear ing  s i z e ,  mm 
Dynamic c a p a c i t y  C, l b  
C/P va lue,  p r o r a t e d  
B1o 1 i f e ;  l o 6 ( ~ / ~ ) 3 * 3 3 ( 6 0 n ) ,  h r s .  
B,o l i f e ;  m a t e r i a l  l i f e  h rs .  
f a c t o r  o f  5 
= 24462 + 50522 ; R2 = 5613[ lb ]  R2 


















C a l c u l a t i o n s  and s i z i n g  f o r  the  b a l l  t h r u s t  b e a r i n g  R3 ( p a r t  No. 4023) a r e  
i d e n t i c a l  w i t h  the  t h r u s t  b e a r i n g  c a l c u l a t i o n s  shown on page 41. 
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14. ENGINE REDUCTION BEVEL STAGE 
Bevel  gears a t  t he  i n p u t  s e c t i o n  p r o v i d e  a speed r e d u c t i o n  o f  
3.41:l f rom an eng ine  speed o f  20909 rpm. Each gear i s  c a r r i e d  on t h r e e  
bear ings .  I n  the  case o f  t he  i n p u t  p i n i o n  a l l  r a d i a l  loads a r e  c a r r i e d  on 
two r o l l e r  bea r ings ,  l e a v i n g  the  b a l l  b e a r i n g  t o  c a r r y  o n l y  a x i a l  t h r u s t .  
Each b e a r i n g  has i n d i v i d u a l  j e t s  f0.r the  supp ly  o f  l u b r i c a n t .  
Tooth  s t r e s s e s  and the  s c o r i n g  f a c t o r ,  a t  maximum power, a r e  a r ranged 
t o  be w i t h i n  those exper ienced i n  p r o d u c t i o n  des igns.  
ITEM P I N I O N  GFAR 
No. o f  t e e t h  34 116 
Speed, rpm 2 0909 6128.4 
D iamet ra l  p i t c h ,  i n  
Facew id th ,  i n  
Pressure ang le /sha f t  a n g l e ,  degrees 
M o d i f i e d  c o n t a c t  r a t i o  
P i t c h  d i a ,  i n  
P i t c h  ang le  , degrees 
Mean s p i r a l  a n g l e ,  degrees 
Mode o f  o p e r a t i o n  
Hand; r o t a t i o n  
Mean work ing  d i a ,  i n  
Power, max., hp 
Torque, i n  -1 b 
Bending s t r e s s ,  I b / i n  2 
Compressive s t r e s s ,  l b / i n  2 
9.872 
1.800 













d r i v e n  





S c o r i n g  index (Gleason) A T  = 216OF 
Tf = 200 + A T  = 416OF 
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Tangen t ia l  f o r c e ,  l b  
A x i a l  f o r c e ,  l b  +1194 
Separa t i ng  f o r c e  , l b  1161 




Tooth Loads and Bear inq  Loads f o r  I n p u t  P i n i o n  
Separat  i ng 
R3 R2 R 1  
B e a r i n q  l i f e  f o r  enqine beve l  p i n i o n  bear inqs  
For  comparat ive purposes the  b e a r i n g  l i f e  o f  the  high-speed bear ings  
i s  c a l c u l a t e d  by bo th  the  ca ta logue  method and a computer ized method t h a t  i n c l u d e s  
l u b r i c a t i o n  and m a t e r i a l  f a c t o r s .  Data on loads ,  speeds, b e a r i n g  s i zes ,  c a p a c i t y  
and B l o l i f e  i s  as g i ven  i n  the  f o l l o w i n g  t a b l e  f o r  the 1800 hp r a t i n g .  
F r o n t  Rear T h r u s t  
I tern Bear ing  R 1  Bear ing  R2 Bear ing  R3  
Speed, rpm 20909 2 0909 20909 
Max load,  l b  1797 1823 1194 
0.6 p r o r a t e d  load, l b  1078 1094 716 
Bear ing  s i z e ,  mm 60x 1 10x22 60x 1 10x22 60x 1 10x22 
Dynamic c a p a c i t y  C,  l b  2 1400 2 I400 1 1  180 
Computer c a l c .  B l o  l i f e ,  h r s .  19300 
( m a t e r i a l  l i f e  f a c t o r  o f  5) 
18400 50500 
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14.1 LOADS ON ENGINE BEVEL GEAR BEARINGS 
The suppor t  bea r ings  f o r  the  engine beve l  gear c a r r y  t w o  s e t s  o f  
loads,  one s e t  f rom t h e  i n t e r m e d i a t e  bevel  p i n i o n  and m e  s e t  f rom the  engine 
beve l  p i n i o n .  These loads a r e  i n  d i f f e r e n t  p lanes.  A c c o r d i n g l y  the  b e a r i n g  
loads f rom each mesh a re  developed s e p a r a t e l y  p r i o r  t o  b e i n g  reso lved  i n t o  
common p lanes and then added. R igh t  hand and l e f t  hand assembl ies have t o  be 
examined s e p a r a t e l y  on account  o f  d i f f e r e n t  p o s i t i o n s  o f  the  i n p u t  p i n i o n s  
r e l a t i v e  t o  the  beve l  gears 
t h a t  t hey  d r i v e .  
a = 2.10 i n  
b = 3.20 i n  
c = 4.35 i n  
r = 1.801 i n  
R = 5.582 i n  
( 1 )  Tooth  loads imposed by  the  i n t e r m e d i a t e  beve l  pin ion  a t  1800 hp and a 
p i n i o n  to rque of 9255 i n - l b  a r e :  
A ] ;  A x i a l  t h r u s t  = 9255 x .336 = 3110 l b  
S I ;  Separa t i ng  f o r c e  = 9255 x .135 = 1249 l b  
T1 ;  Tangen t ia l  f o r c e  = 9255/1.801 = 5138 l b  
Gear f a c t o r s  a r e  ob ta ined  f rom Gleason d imension sheet ,  page 38. 
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(2) Bear ing  loads imposed by the  engine beve l  gear ;  RH engine.  
A t  1800 hp i n p u t  and a to rque o f  18510 i n - l b  a t  t he  beve l  gear 
A 2 ;  A x i a l  t h r u s t  = 18510 x (-0.033) = -611 
S2; Separa t i ng  f o r c e  = 18510 x 0.084 = 1555 I b  
T2 ;  Tangen t ia l  f o r c e  = l8510/5.582 = 3315 I b  
R; Mean r a d i u s  o f  gear = 5.582 i n  
Gear f a c t o r s  a r e  ob ta ined  f rom Gleason d imension sheet ,  page 50. 
T~ 
I b  
J I O .  71 6'
(3) Net loads i n  h o r i z o n t a l / v e r t i c a l  p lane  f o r  bo th  beve ls ;  RH engine. 
Ho r i zon t a  1 
= 854 + 1954 = 2813 I b  
R = 395 + I587 = 1982 I b  
R2 
1 
V e r t  i ca 1 
= 6567 + 81 = 6648 I b  
R = 1429 - 830 = 599 I b  
R2 
1 
R2 = 7219 I b  
R 1  = 2 0 7 1  I b  
2 
R2 = 2813 + 6649* 
R i 2  = i9822 + 59g2 
Bear inq  Loads and L i f e ;  RH Enqine 
Rol l e r  Rol l e r  B a l l  Th rus t  
I tem Bear inq  R2 Bear inq  R l  Bear inq  R 3  
Speed; r p m  6128 6128 6128 
Max load a t  1800 hp, I b  7219 207 1 372 1 
0.6 p r o r a t e d  load,  I b  433 1 1242 2232 
Dynamic c a p a c i t y  C,  I b  48300 20200 19580 
Computer c a l c .  B lo  l i f e  
( m a t e r i a l  1 i f e  18000 64000 12500 
f a c t o r  o f  5 ) ,  hours 
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15. TAIL ROTOR D R I V E  
Power f o r  the t a i l  r o t o r  d r i v e  s h a f t  i s  e x t r a c t e d  f rom a beve l  p i n i o n  
t h a t  i s  mounted underneath one o f  t he  f o u r  ma in -d r i ve  beve l  gears.  T h i s  a r range-  
d r i v e  pa th  between the  main s h a f t  and the t a i l  d r i v e  s h a f t .  
The f i n a l  d r i v e  p i n i o n  assoc ia ted  w i t h  the  t a i l  d r i v e  beve l  gear i s  
ment keeps the  numbers o f  bea r ings  t o  a minimum w h i l e  p r o v i d i n g  a near redundant 
"9 
l i g h t l y  loaded as a r e s u l t  o f  t a i  
s h a f t .  Design r a t i n g s  f o r  t he  t a  
a r e  a s teady  maximum power o f  380 
des ign  i s  based on a 0.6 p r o r a t e  
o f  380 hp. 
d r i v e  power b e i n g  e x t r a c t e d  f rom the  same 
1 d r i v e  gears, g i ven  i n  the  f o l l o w i n g  Tab le  
hp and t r a n s i e n t  powers up t o  865 hp. Bear 
a c t o r  a p p l i e d  t o  the s teady  maximum power 
The symmetr ica l  p o s i t i o n s  adopted f o r  the f o u r  f i n a l  d r i v e  p i n i o n s  
r e s u l t  i n  the  t a i l  d r i v e  s h a f t  be ing  o f f s e t  f rom the  c e n t e r l i n e  o f  t he  t rans -  
m iss ion .  A smal l  angu la r  d isp lacement  i s  g i ven  t o  the t a i l  d r i v e  s h a f t  t o  
make a d i  r e c t  connec t ion  t o  the  t a i  1 gear box of  t he  NASA t e s t  stand. 
I n  an a i r c r a f t  c o n f i g u r a t i o n  t h i s  i n c l i n a t i o n  would be l e s s  as a r e s u l t  o f  
the t a i l  a x i s  be ing  taken t o  the more d i s t a n t  p y l o n  f o r  the  t a i l  r o t o r .  A 
l e s s  a t t r a c t i v e  a l t e r n a t i v e  would be the  i n t r o d u c t i o n  o f  an o f f s e t  spur gear 
t r a i n  t o  b r i n g  the  t a i l  d r i v e  s h a f t  on t o  the  t ransmiss ion  c e n t e r  l i n e ;  b u t  
a 
t h i s  change g i ves  the i n c o r r e c t  d i r e c t i o n  o f  r o t a t i o n  t o  the  t a i l  d r i v e  s h a f t .  
I 
Schematic arrangement o f  t a i l  d r i v e  gears 
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DATA FOR TAIL D R I V E  BEVEL GEARS 
I tem P i n i o n  Gea r 
Number o f  t e e t h  
R a t i o  
P i t c h  d iameter  D ,  i n  
Facewidth,  i n  
D iamet ra l  p i t c h  
S h a f t  angle,  degrees 
Pressure /sp i  r a l  ang les ,  degrees 
Hand / r o t a t i o n  
Mode o f  ope r a t  i on 
M o d i f i e d  c o n t a c t  r a t i o  
Power , hp 
Torque, max., i n - l b  
Speed, rpm 
Compressive s t r e s s  l b / i n 2 ,  peak 
Bending s t r e s s ,  I b / i n  , peak 
P i t c h  ang le  ?f , degrees 
Mean w o r k i n g  d i a . =  D - F s i n l  , i n  
Tangen t ia l  f o r c e ;  peak, no p r o r a t e ,  I b  
Tangen t ia l  f o r c e ;  max. cont.,no p r o r a t e ,  I b  
A x i a l  f o r c e ,  peak, l b  
Separa t i ng  f o r c e ,  peak, I b  
Bear ing  p r o r a t e  i n  terms o f  peak loads 
Torque, max. cont. (380 hp), i n - l b  
A x i a l  f o r c e ,  max. cont inuous ,  I b  
Separa t i ng  f o r c e ,  max. cont inuous ,  I b  
2 
. 2 5  58 
2.320 2.320 
4.7414 11.00 
1 .so0 1.500 
5.27273 5.27273 
100.88333 100 88333 
20/25 20125 
LH/CCW RH/CW 











{ J  
6101 6101 
2680 2680 
3 609 1698 
1035 3349 
0.6(380/865) = 0.264 
5513 12790 
1585 746 
455 147 1 
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BEARING LOADS AND LIFE FOR P I N I O N  
Rear T h r u s t  F r o n t  
I tern Bear inq ,  R2 Beari nq, R 1  
Speed, rpm 
Bear ing  loads ;  max. con t inuous  
based on 380 hp, l b  
Bear ing  loads ;  
0.6 p r o r a t e d ,  I b  
Bear ing  s i z e ,  mm 
Dynamic capac i t y  C , l b  
Bear ing  cons tan ts  
* E q u i v a l e n t  load  P, l b  
C /P  va lue ,  p r o r a t e d  
B 1 o  1 i f e  106(C/P)3/(60n), hours 
B1o 1 i f e  1 0 ~ ( C / P ) ~ . ~ ~ / ( 6 0 n ) ,  hours 
B l0  l i f e ;  m a t e r i a l  l i f e  hours  
f a c t o r  o f  5 
4344.4 
1100 r a d i a l  
I585 a x i a l  
660 r a d i a l  
951 a x i a l  
55x 120x29 
15350 






* P = X P + Y P  
r a 
P denotes the  p r o r a t e d  r a d i a l  load  f o r  the  t h r u s t  b e a r i n g  
Pa denotes the  p r o r a t e d  a x i a l  load  f o r  the t h r u s t  b e a r i n g  
r 
4344.4 
3598 r a d i a l  
- 










X and Y a r e  handbook b e a r i n g  cons tan ts  
I 
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16. TORQUE D I V I D I N G  U N I T  
Each engine beve l  gear rece ives  a to rque o f  18510 i n  I b ,  a t  1800 hp, 
and has t o  d e l i v e r  e x a c t l y  h a l f  o f  t h i s  to rque t o  each o f  two bevel  p i n i o n s .  
I n  o r d e r  t h a t  these to rques  remain i n v a r i a n t ,  d e s p i t e  t o r s i o n a l  windup o f  
the  d r i v e  s h a f t s ,  and hous ing  d e f l e c t i o n s ,  a to rque d i v i d i n g  u n i t  i s  p o s i t i o n e d  
in termed i a  t e  p i  n ions .  
e f o r  the  to rque  d i v i d e r ,  b u t  one 
anet  p i n i o n s  i s  adopted s i n c e  i t :  
between the eng ine  
A number 
based on an ep icyc  
beve l  gear and the  two 
o f  o p t i o n s  a re  a v a i l a b  
i c  u n i t  w i t h  s tepped p 
a) avo ids  the  a x i a l  t h r u s t s  assoc ia ted  w i t h  beve l  gear des igns  
b) has s t r a i g h t  spur  t e e t h  t h a t  can accommodate the  r e l a t i v e l y  
l a r g e  (.OS0 i n )  a x i a l  growth and to le rances  assoc ia ted  w i t h  
the  l ong  d r i v e  s h a f t  t o  each r e a r  p i n i o n  
c )  can have a one-p iece c a r r i e r  frame 
d) i s  n o t  s e n s i t i v e  t o  c e n t r i f u g a l  loads.  
18510 i n - l b  to rque i n - l b  f rom r i n g  
f r o m  engine beve l  to r e a r  beve l  p i n i o n s  
gear 
9255 i n - l b  f rom sun gear 
t o  f r o n t  beve l  p i n i o n s  
Arrangement o f  to rque d i v i d e r  f o r  two equal o u t p u t  torques 
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D E S I G N  DATA SUMMARY FOR TORQUE D I V I D E R  
Sun Large Small Ring 
I tem Gear P i n i o n  . P i n i o n  Gear 
No. o f  t e e t h  
D iamet ra l  p i t c h  
P i t c h  d i a ,  i n  
Facewidth,  i n  
No. o f  gear s e t s  
Torque a t  1800 hp, i n - l b  
Tangen t ia l  t o o t h  load,  l b  
Tooth compressive s t r e s s  l b / i n  
AGMA J f a c t o r ;  20'p.a. 
2 











Combined p i n i o n  mass 
C e n t r i f u g a l  load  per  p l a n e t  
Bear ing  load a t  max to rque  
Bear ing  l oad  a t  max to rque 
Bear ing  s t a t i c  c a p a c i t y  
Bear ing  p i n  d i a  
P i n  bending s t r e s s  w i t h  no o i l  h o l e  
P i n  bend ing  s t r e s s  w i t h  c ross  o i l - h o l e  
P i n  socke t  l oad  































0.22 l b  
704 I b  
538 l b  ( l a r g e  p i n i o n  end) 
432 l b  (smal l  p i n i o n  end) 
1690 I b  (each needle r o l l e r )  
,4375 i n  
27760 l b / i n 2  (adopted) 
51350 l b / i n 2  (no t  used) 
611 l b  max (7500 p s i )  
.0001 i n  
Tooth  s lope  .0001 I n / i n  (approx.) 
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CROSS-SHAFT SIZING 
Each c ross  s h a f t  c a r r i e s  a maximum o f  900 hp a t  a speed o f  6128 
rpm. The s teady  des ign  to rque  then i s  9256 i n - l b . .  T o r s i o n a l  shear s t r e s s  
a t  the  v a r i o u s  s e c t i o n s  o f  the s h a f t  i s  as f o l l o w s :  
Out. d i a  i n .  d i a  Torsionad s t r e s s  
S h a f t  S e c t i o n  i n  i n  J 4  i n  K t  l b / i n  
U c u t  o f  LH s p l i n e  1.610 i .30 .379 1.20 2 3 590 
LH a x i a l  r e t a i n e r  1.650 1.30 .447 1.20 20450 
C e n t r a l  s e c t i o n  1.600 1.30 .363 1 2 0400 
RH s p l i n e  r o o t  1.589 1.30 .345 - 21 I60 
C r i t i c a l  speed f o r  c ross  s h a f t  
e The suppor t  span fo r  the  c ross  s h a f t  i s  35.25 between the  c e n t e r  
o f  t he  LH r e t a i n e r  f l a n g e  and the RH l o c a t i n g - b u s h i n g .  For  t h i n - w a l l  s h a f t i n g  
the  f i r s t  c r i t i c a l  speed i s :  
S c r i t i c a l  = lg.04(106)D/(2.9L2) 
where D = 1.60 and L = 35.25 i n  
Then S c r i t i c a l  = 8454 rpm 
S ince  the  runn ing  speed i s  6128 rpm ,. t he  c ross  s h a f t  opera tes  a t  
27.5% below the  f i r s t  c r i t i c a l  speed. 
S p l i n e  loads L.H. s p l i n e  R.H. s p l i n e  
s p l i n e  c o n d i t i o n  f r e e  1 oc ked 
torque,  max; i n - l b  9255 
p i t c h ,  d i a ;  i n  1.750 
No. o f  t e e t h  and DP 21 ; 12/24 
d i r e c t  shear s t r e s s ,  l b / i n  











17. LOSSES I N  TRANSMISSION 
Losses i n  the  t ransmiss ion  system a r e  es t ima ted  f rom a knowledge 
o f  the  type  o f  gear mesh, the  des ign  horsepower, and the  power t r a n s m i t t e d  
by each gear mesh. Past  exper ience,  backed by exper imenta l  c o n f i r m a t i o n ,  
demonstrates t h a t  a c o n s e r v a t i v e  e s t i m a t e  o f  t o o t h  mesh losses  toge the r  w i t h  
b e a r i n g  losses ,  i s  0.5% o f  t ransmi t - ted  power f o r  b o t h  spur  gear and beve l  gear. 
A f u r t h e r  0.75% o f  power t r a n s m i t t e d  must then be added t o  account  f o r  t he  
misce l laneous c h u r n i n g  losses .  
On the  f o r e g o i n g  bas i s  the  losses i n  the  t ransmiss ion  a r e  as 
f o l l o w s :  
Gear Mesh Loss Percent  
1 i n p u t  beve l  0.5 e 1 i n t e r m e d i a t e  beve l  (1800 hp) 0.5 
1 i n t e r m e d i a t e  beve l  (1800 hp) 0.5 
1 spur  0.5 







Transmiss ion  T o t a l  D r y  Losses 81 hp 
( T a i l  d r i v e  losses  i nc luded  i n  above) 
Heat Generated i n  Main Gearbox 
The gear t o o t h  and b e a r i n g  l osses  appear as heat. The o i l  supp ly  
t o  the gearbox must remove t h i s  hea t  w h i l e  keep ing  the  o i l  temperature r i s e  
w i t h i n  a s p e c i f i e d  l i m i t .  The t o t a l  heat  generated i s  g i v e n  by: 
QG = 2545 Fhp [BTU/hr] Fhp = 81 hp 
QG = 206,000 BTU/hr 
W i t h  e i t h e r  MIL-L-7808 o r  MIL-L-23699 o i  1 ,  an i n l e t  temperature o f  18OoF and 
and an o u t l e t  temperature o f  23OoF, the  r e q u i r e d  o i l  f l o w  i s  g i ven  by:  
-61 - 
where the  f a c t o r  Ce = 0.60 i s  an e m p i r i c  f a c t o r  o b t a i n e d  f rom measure- 
ments on p r o d u c t i o n  main gearboxes, C i s  the s p e c i f i c  hea t  o f  the c o o l i n g  
P 
o i  1 (BTU/lb-Fo) and /" the d e n s i t y  o f  the coo l  i n g  o i  1 ( l b / f t 3 )  
-62- 
L I S T  OF O I L  JETS 
NO. JETS TOTAL 
DWG. NO. LOCATION BEAR1 NG .035/. 040 d i a JETS 
4099 I N P U T  SHAFT . FRONT ROLLER 2 4 
4099 I N P U T  SHAFT 
4086 I N P U T  SHAFT 
406 1 I N P U T  BEVEL GEAR SHAFT 
408 1 I N P U T  BEVEL GEAR SHAFT 
4037 REAR INTERMEDIATE BEVEL P I N I O N  SHAFT 
404 1 REAR INTERMEDIATE BEVEL P I N I O N  SHAFT 
402 6 F I N A L  D R I V E  P I N I O N / B E V E L  GEAR SHAFT 
402 6 F I N A L  D R I V E  P I N I O N / B E V E L  GEAR SHAFT 
402 3 F I N A L  D R I V E  P I N I O N / B E V E L  GEAR SHAFT 
4127 T A I  L D R I V E  SHAFT 
4121 T A I L  D R I V E  SHAFT 
4052 M A I N  SHAFT 
4006 M A I N  SHAFT 
I N P U T  SHAFT BEVEL P IN ION/GEAR MESH 
FRONT INTERM. BEVEL P IN ION/GEAR MESH 
REAR INTERM. BEVEL P IN ION/GEAR MESH 
F I N A L  D R I V E  P IN ION/GEAR MESH 
F I N A L  D R I V E  BEVEL P I N I O N / T A I L  
D R I V E  GEAR MESH 
4076/4080 FRONT INTERM. BEVEL P I N I O N  TAPER 
ROLLERS 
4067 TORQUE D I V I D E R  ROLLER 
REAR ROLLER 
B A L L  
FRONT B A L L  
REAR ROLLER 
ROLLER 
TANDEM B A L L  
UPPER ROLLER 
LOWER ROLLER 
B A L L  
ROLLER 
B A L L  
UPPER ROLLER 





















TAPER ROLLERS M I S T  
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19. WEIGHT SUMMARY - 4 PINION D E S I G N  
Main housings 
Ma i n upper hous i ng 
Main lower  hous ing  and f e e t  
Engine i n p u t  hous i ng assembly (2) 
Engine i n p u t  hous ing  b e a r i n g  suppor t  (2) 
Sump pan and f i t t i n g s  
I n p u t  s h a f t  hous ing  (2) 
T a i l  d r i v e  assembly hous ipg  
Housing s leeves  and b e a r i n g  r e t a i n e r s  
Main s h a f t  assembly 
Main s h a f t  
Top b e a r i n g  
Top locknu t  
Lowe r I oc knu t 
Lower bea r ings  (2) 
Weight Weight 
















Combining gear assembly 
Gears 
Suppor t  d i s c s  (2) 
F i n a l  p i n i o n  and beve l  assembly 
Gear s e t s ,  f r o n t  (2)  
Gear s e t s ,  r e a r  (2 )  
Top r o l l e r  bea r ings  (4) 
Lower r o l l e r  bea r ings  (4) 
Lower t h r u s t  bea r ings  (4) 
Forward beve l  p i n i o n  assembly 
Bevel p i n i o n  (2) 
P i n i o n  tape r  bea r ings  (4) 
D r i v e  s leeve and spacers (2) 
Rear beve l  p i n i o n  assembly 
Bevel p i n i o n  (2)  
F r o n t  bea r ings  (2 )  
Rear bea r ings  (4) 
Rear b e a r i n g  housings & r e t a i n e r  (2)  





















Cross -sha f t  d r i v e  
D r i v e  s h a f t  (2) 
D r i v e  f l a n g e  t o  c ross  s h a f t  (2) 
Torque d i v i d e r  
C a r r i e r  frame 
Ring gear (2) 
P lane t  p i n i o n s  (20) 
P lane t  s h a f t  & bea r ings  (20) 
O i l  f l a n g e  and r i n g  (2) 
Sun gear (2) 
Locknut  & spacer 
Engine beve l  gear assembly 
Bevel  gear & s h a f t  (one-piece) 2 
B a l l  t h r u s t  bea r ing (2 )  
Rear r o l l e r  b e a r i n g  (2) 
F r o n t  r o l l e r  b e a r i n g  (2) 
Engine beve l  p i n i o n  assembly 
Bevel p i n i o n  (2) 
F r o n t  b e a r i n g  & n u t  (2) 
Rear r o l l e r  b e a r i n g  (2) 
Rear t h r u s t  b e a r i n g  (2) 
Lube r i n g ,  spacer ,  n u t  (2)  
I n p u t  s h a f t  and c l u t c h  assembly 
C l u t c h  c o i l ,  i nne r  s h a f t ,  n u t  (2) 
I n p u t  s h a f t  (2) 
I n p u t  f l a n g e  (2) 
Seal assembly (2) 
T a i l  d r i v e  assembly 
Bevel gear 
Bevel p i n i o n  
F r o n t  r o l l e r  b e a r i n g  
Rear t h r u s t  b e a r i n g  
D r i v e  f l a n g e  






































M i  sce 1 1 aneous hardware 
B o l t s ,  i n s e r t s ,  sea l  r i n g s ,  e t c .  
L u b r i c a t i o n  system, d r y  
Pumps, f i l t e r ,  j e t s ,  p lugs ,  f i l l e r  
T o t a l  Weiqht, d r y  
12.0 
30.0 
892 I b s  
A d d i t i o n  f o r  l u b r i c a n t  
7 g a l l o n s  o f  o i l  50.4 I b s  
The 892 lb .  we igh t  shown above has been c a l c u l a t e d  as f o r  a f l i g h t  t r a n s -  
m iss ion .  Because o f  va r ious  reasons, i n c l u d i n g  reduced cos ts ,  t he  t e s t  s tand 
t ransmiss ion  weighs about  8% more, see t a b l e  below: 
Weiqht Increments f o r  Tes t  Stand U n i t  
I tem Reason Weiqht. I b  
Main s h a f t  a l l o w s  engine r a t i n g  o f  2000 hp +12.6 
e 
Lower main s h a f t  b rgs .  s tandard  w i d t h  employed + 2.3 
Output  gear f l anges  s t e e l  i n  p l a c e  o f  t i t a n i u m  +22.4 
Output  p in .&  beve l  assy p i n i o n  separa te  f rom beve l  + 8.6 
Output  p i n .  bea r ings  equal s i z e  bear ings  used + 5.4 
Cross s h a f t  s t e e l  i ns tead  o f  alum. o r  composite + 8.4 
Forward beve l  p i n i o n  n o t  f u l l y  ho l lowed ou t  + 1.8 
Rear beve l  p i n .  brgs.  s tandard  w i d t h  emp loyed + 1.6 
Eng. beve l  gear assy separa te  gear & s h a f t  employed + 8.7 
, 
- 69- 
20. BENEFITS OFFERED BY SPL IT  TORQUE TRANSMISSION 
I A consequence o f  the  present  s tudy  i s  t h a t  the  f o l l o w i n g  performance 
b e n e f i t s  can be ach ieved f rom a 3600 hp h e l i c o p t e r  t ransmiss ion  t h a t  i n c o r -  
po ra tes  s p l i t  t o rque  gear t r a i n s  and has w i d e l y  separated engines. 
1 )  Weight reduced by 15%. 
O v e r a l l  we igh t  i s  892 l b  
2)  D r i v e  t r a i n  losses reduced by 9% 
Losses a re  2.25% 
3 )  Improvement i n  re1 i a b i  1 i t y  
Redundant d r i v e  pa ths  f rom engines t o  combin ing gear 
4) Reduced number o f  n o i s e  meshes 
5)  Comparable t o t a l s  o f  gears and bear ings  
6) Development p o t e n t i a  t o  accept  t w i n  2250 hp eng nes 
These comparisons a r e  based on a s tandard  p l a n e t a r y  gear t ransmiss ion .  
21. FUTURE TECHNOLOGY DEVELOPMENTS 
The des ign  d iscussed i s  based on e s s e n t i a l l y  the same l e v e l  o f  
techno logy  as employed i n  
gu r a  t i on, howeve r , does a 
developed and 
1 )  
3 )  
4) 
5 )  
p r o g r e s s i v e  
Comb 
i nvo 
c u r r e n t  p r o d u c t i o n  t ransmiss ions .  The new c o n f i -  
low the  f o l l o w i n g  advanced techno logy  areas t o  be 
y i n t roduced  i n t o  the  t e s t  t ransmiss ion .  
n i n g  gear concept can be developed t o  i n c l u d e  advanced 
u t e ,  h i g h  c o n t a c t  r a t i o ,  o r  conformal  t o o t h  p r o f i l e s .  
P r o t e c t e d  o i l  c o o l e r  and sump can be p o s i t i o n e d  w i t h i n  the  
l a r g e  d iameter  main s h a f t .  
Each engine d r i v e l i n e  can have i n d i v i d u a l  l u b r i c a t i o n  and 
d e b r i s  d e t e c t i o n  systems. 
Wide ly  separated bear ings  and gear meshes reduce r i s k  o f  
secondary en t ra inment  damage. 
High-speed ove r runn ing  c l u t c h  development i s  necessary f o r  
l e a s t  we igh t .  
A one-piece main s h a f t  and combin ing gear assembly g i v e s  a 
f u r t h e r  we igh t  r e d u c t i o n  o f  12-14 pounds. 
- 7 1 -  
INSTALLATION 1 N NASA-LeRC TEST STAND 
Design o f  the t ransmiss ion  gear r a t i o s ,  hous ing  l o c a t i o n  p o i n t s ,  and 
d r i v e  s h a f t  f l anges ,  i s  i n f l u e n c e d  by the  need f o r  .the t ransmiss ion  t o  f i t  i n  
the  NASA t e s t  s tand.  I n  i t s  p resent  fo rm the  t e s t  s tand i s  c o n f i g u r e d  t o  
accept  a UH 60 t ransmiss ion ;  i t  f o l l o w s  t h a t  t o  f i t  i n  the t e s t  s tand the  
s p l i t  to rque t ransmiss ion  must be a near replacement des ign  f o r  the UH 60. 
S ince  the  t e s t  s tand i s  o f  c losed- loop  type the speed r a t i o s  i n  the  
t ransmiss ion  must be an exac t  in teger-match w i t h  those o f  t he  t e s t  s tand.  I n  
t h i s  way the  to rque  l o a d i n g  u n i t s  o f  the  t e s t  s tand can remain s t a t i o n a r y ,  as 
in tended,  once a torque i s  locked i n t o  the d r i v e  t r a i n s .  Three to rque  l o a d i n g  
u n i t s  a re  p resen t ;  these a l l o w  separa te  l o a d i n g  o f  t ransmiss ion  d r i v e  t r a i n s  
between each engine i n p u t  and the  main s h a f t ,  and between the  main s h a f t  and 
t a i l  d r i v e  s h a f t .  
F i g u r e  7 shows the  arrangement o f  gear t r a i n s  i n  the  t e s t  s tand,  
t oge the r  w i t h  the  t o o t h  numbers t h a t  must be accommodated. F igu res  8 and 9 
show the  p o s i t i o n  o f  the  t e s t  t ransmiss ion  i n  the  t e s t  s tand toge the r  w i t h  
the  l o c a t i o n  o f  the  t e s t  s tand gearboxes and the  suppor t  beams. 
Tooth  Numbers Adopted 
Tooth numbers adopted i n  the  s p l i t  t o rque  t ransmiss ion  a r e  g i ven  
below and a r e  compared w i t h  the  e q u i v a l e n t  gear t r a i n  o f  the  t e s t  s tand.  
1 )  Enqine i n p u t  t o  main s h a f t  (bo th  s i d e s )  
Tes t  s tand r a t i o  Transmiss ion  r a t i o  
292..270x145x15 
50 119 7 7  31  
225xzx116 
31 22 34 
(612.5) (187920) 




2) T a i l  d r i v e  t o  main s h a f t  
Tes t  s tand r a t i o  
o r :  
3 2 x 1 2 5 x ! 2 x 2 9  
50 70 49 31 
Transmiss ion  r a t  i o  
XX18 
3 1  25 
13050 
775 
SUMMARY OF TEST STAND CHANGES REQUIRED FOR ACCOMMODATION OF THE 3600 HP 
SPLIT TORQUE TRANSMISSION ' 
Des ign o f  the  s p l i t  to rque t ransmiss ion  i s  such as t o  i n v o l v e  as 
few changes as p o s s i b l e  t o  t h e  e x i s t i n g  t e s t  s tand.  Ma jor  i tems i n  the t e s t  
s tand t h a t  r e q u i r e  no chanqe inc lude :  
a) the  s p l  
the t e s t  s tand  s h a f t  
b) to rque 
c )  d r i v e  f 
ned d r i v e  f l a n g e  between the  t ransmiss ion  main s h a f t  and 
oad ing  un i  t s  
anges for  each engine i n p u t  and the  t a i l  d r i v e  s h a f t  
d) d r i v e  s h a f t i n g  and to rque  measuring i n s t r u m e n t a t i o n  f o r  each 
engine i n p u t  
e) t ransmiss ion  c r a d l e  s t r u c t u r e  and the t e s t  s tand  at tachment  p o i n t s  
f )  e x t e r n a l  components o f  the  lube system and the  c o o l e r .  
Chanqes t h a t  a r e  necessary i n c l u d e  
a) f o u r  smal l  c u t o u t s  i n  the  c r a d l e  lower  face;  t o  c l e a r  p r o t r u s i o n s  
on the  new t ransmiss ion  hous ing  
b) r e p o s i t i o n i n g  o f  t he  t e s t  s tand  t a i l  d r i v e  gearbox t o  a l i g n  w i t h  
the  t ransmiss ion  d r i v e  s h a f t  
c )  replacement o f  two h e l i c a l  gear t r a i n s  i n  the  t a i l  d r i v e  gearbox. 
The e x i s t i n g  h e l i c a l  gear t r a i n s  o f  r a t i o  (125/68)(58/49) must be rep laced by 
s i m i l a r  he1 i c a l  gears o f  r a t i o  (125/70) (63/49) 
e The beve l  gears i n  the  gearbox remain u n a l t e r e d  toge the r  w i t h  a l l  




70 r a t i o  rep laces  o r i  
d) a connec t ing  s h a f t  o f  reduced l e n g t h  i s  needed between the  
t ransmiss ion  and the  t a i l  d r i v e  gearbox. 
TAI L D R I V E  LOOP SHAFT 
g i  na 
S 





New aear r a t i o s  r e a u i r e d  i n  t a i l  d r i v e  aearbox o f  t e s t  s tand 
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M A I N  SHAFT 
258 RPM 
3600 HP S P L I T  TORQUE 
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